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Abstract

Despite the technological advancement and thgtomation of operationsyet, human
involvement plag a fundamental rolén ships navigationHumanis indispensable in any
operation for theiintellectual abilities ofdecisionmakingskills, based on available inputs
and outputs Moreover,the maritime industry hasne ofthe most émandingoperational
obligations, where a single mistake ¢aad tocatastrophic consequendést threatetives,
properties and environment. Howevanaitime accident statistickaverevealed thamore
than 75% of maritime accidents are directly or indirectly linked to human d@besuvin,
2011) Out of all the accidents at sea; collision, contacts and grognalie estimated to be
around 54.%. It is obvious thatreducing human errors will essentially enhance maritime

safety and reduce tHilzquencyof accidents at sea.

The main aim of this research is to prevent these accidents by developing an Automatic
Collision Avoidance System and by designinguananoriented communication flow atme

shipbébs navigational bridge. This wil/ i ncr e
necessary and timely actions, including speed reduction and manoeuvring. Additionally, this

will allow crew members to makebjective decisions based on read correcinformation,

rather than wrong decisions built amvrong interpretation of the surrounding situation.

The developed automatic collision avoidance system has been inspiredbgllthkaown
safety reputation, aviatiomdustry In aviation, to prevent midir collisions, the aeroplanes
are fitted with the Traffic Alert Collision Avoidance System (TCAS). This is an independent
system that automatically detecbllision situation, alegtthe pilos aboutthe colision risk

and provide the best avoidance action to preventainidollisions.

Theshi p6s bridge navigational simul ator has
operation of the automatic collision avoidance systgainst the classical approadReal

ships collision investigation reports, from the Maritime Accident Investigation Branch
(MAIB), were utilised to create scenarims validation experiments, which were constructed

using theseeal collision scenarios ithe simulator environment tuantify the performance

of the participants (OOW)

XIl



1 Introduction

1.1 Introduction

From 2011 to 2018, the navigational events have attributed to 54.4% of maritime accidents,
where collisions arattributed t026.2% of these accidents, contact 15.3% and grounding
12.9%(EMSA, 2018) Moreover, a comparison between the total number of the navigational
relatedaccidentsKigure 1) and the number of vessels sailing at Bigaie 2) has revealed an
interesting and logical relation (Table (EMSA, 2018, Equasis, 2019Yhe number of
accidents is correlating positively with the number of vessels, where the numbssals\reas
increased, and i similar manney the accidents ha& correspondingly increased too.
Furthermore, the growth in the international maritime transportation and trade, which is
increasing considerably since the 2009 economic crisis, is showirghadéimand on the
maritime industry Figure 3)(UNCTAD, 2019) Accordingly, this has boostele interest of
scholars, organisations and countries to critically look at the maritime safety aspects and find

the best possible approaches to enhance the safety level in the maritime industry.

Tablel The number of vesselek500 GTiand navigational accidents from 2011 to 2017. Sour¢EMSA, 2018,
Equasis, 2019)

Year Number of vessels| Navigational
O 500n GT| related accidents

2011 50,788 890

2012 50,628 1025

2013 51,902 1375

2014 53,854 1410

2015 55,097 1342

2016 56,448 1305

2017 56,963 1390
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With further investigation carried on maritime accidents and its nature, it has appeared that the
human factor wathe mostcommon underlying reasam-boardships that caused accidents.

The human factor has been recognised5f6 1o 96% of the cases that caused or led to
accidents at se@llianz, 2017) Moreover, human action and pesid tothe emergency
situation was théighestcontributing factor thalleadsto an accident event, wherein 65% of

the cases human action was the contributing factor of the ac{iM&A, 2019)

Based on the statistics mentioned above about the increasing demtaednaritime industry

and thenumbers of accidentsccurringevery year at sea, preventive actishould be taken

to enhance maritime safety. Historically, the global maritime community has been actively
responding to enhance maritime safety since the tragedy of thécTikdmch sankin 1912

This tragic accident triggerete first version of the International Comion of the Safety of

Life at Sea (SOLAS)n 1914 and since then it has been frequently ameridéd, 2019b)

The main aim of SOLAS convention is to determine the minimum stded@ar the
construction, equipment and operation that are related to the safety of properties, lives and the
environment at sea. Accordingly, in the last two decades three crucial safety devesapment

the maritime industry have been introduced,;



1 The Intenational Safety Management Code, this code is related to the standardisation
of the shipping management operation. This code entered into force irf{IlA98
2019d)

1 The Automatic Identification System (AIS), this is an automatic mean of sharing
information between ships and shore centres. This system became mandatory for all
shipsabove 300 Gbuilt-in or after 200ZIMO, 2019a)

1 The Bridge Resources management (BRM), this is a new training requirement for the
seafarers that motivate better communication skills between the crew members and a
better utilisation for all the available resources on the navigational bridge. This
training requirement has become mandatory under the STCW Convention, Manila

2010 amendments, and it has entered into force in @M, 2019c¢)

This historical background about the development in the maritime industry and the safety
related aspects hdemonstratethe needfor amore radicahpproach that enables sustainable
maritime developmentn the previous appaches, it was all about humarientedstrategies

to enhance maritime safetyhere it has been prow¢hat human is the main factor to blame;

t hus, al | the approaches were about i mprovir
errorsrather than looking into the whole humsystem interaction holisticallyrherefore, the
accidents are still happeniagsea. Additionally, an upsurge in fle&ad ship8sizes bring

a higher potentiafor catastrophic accidents witlndesirableconsequences. Moreover, by
reviewing the available navigational equipment on the bridge and its operational procedures,
it has given the impression that they are all information systems only. These systems do not
support the user in decision making. Instead, they only display the information, and the user
is required to collect the informatipprocesand make the decisionoMever, the increased
number of ships made it beyond the human capabilities to deal with the tremendous amount
of information at the same time. Thus, the likelihoods of human errors have increased
significantlydespiteall attempts that have been madatpiove human performance, without

considering the utilisation of new decision support technologies on the bridge.

The most admitted accidental event at sea has been recognised as the naeigstithn
events; collision, contact and grounding. Moreovke, last introduction of a navigational
system that aimed to help the Officer Of the Watch (OOW) in conducting a safe navigational
duty was the AIS, almost two decades ago. Also, this is an information system that helps the
OOW to acquire the required orfnation about ships in the vicinity, but this does not help in

decision making.



The motivation to conduct this research has been driven from the fact that the navigational
bridge is inneedfor a technological revolution. This includes a better inforomatiow that is

simply accessibldy the enduser when it is needed the most, amaachine interaction.
Furthermore, the availability of such a reliable decision support system will have a significant
impact onthe performance ddOW and navigational safet¥his will remove the boredom of
collecting the required information, analyse it and make the best decision to gettioait of
critical situation. Additionally, this will remove the uncertainty of the decision making,
whether the taken action is efficigntavoid a collision situation or further action is required.
Where collision situation is one of the most occurring accident events, it would be a great
safety achievement if these accidents can be eliminated or reduced. Furthermore, by reviewing
other irdustries dechniques for collision avoidance, the aviation industry has an appealing
opportunity that can be implemented for the ships to achieve a satisfying level of safety. One
of these techniques is the Air Traffic Collision Avoidance System (TCAS3. Sifstem is a

fully automatic system that detects any collision situation, alert the pilot #imsituation

and provide the best avoidance actigbdushkour et al., 2018, Murugan and Oblah, 2010)

The only action is required by the pilot is to execute the avoidance action based on the system
instructions. Thereforejeveloping an automatic collision avoidance system that is suitable
for the maritime practises being implementedboard ships will help the OOW to avoid

collision situations that threaten the safety of his.ship

1.2 Thesis structure

A summary of thehesis structure is provided below:

1 Chapter Istates the background of the historical development in maritime safety and
the introduction of new conventions and regulations that aim to improve the safety
level in the maritime industry. The recent increasdle@is sizes antheirrelationship

with theoccurrence and causes of the maritime accigenpresented in this chapter.

1 Chapter 2 provides the aim of this research and the objectives that will be achieved
from this study. This includes the motivation behind this research and the problem

definition.

1 Chapter Jresents the critical review on the topics related to the maritime accidents
to identify the main reasorier these accidents arde main contributing factorgp

reflect on the weaknesses and strengths of the processes and procedarearevhi



fruitlessly preventing the accidents, amd focus on the collision prevention
techniquesto understand their role in the navigational procedReviewing the
literatureaboutthe developed studiem automatic collision avoidance systems and
otherindustries for the interest of developing a better collision avoidance procedures

and system.

Chapter 4 provides the adopted methodology that has been followed to conduct this
research. This includesdemonstration of the utilised methods and technidjuiais
have followed in this study.

Chapter 5 details the technical specifications of the available navigagiguament
on-board ships with its operational standards. Additionally, a detailed study on the
aviation collision avoidance procedures dahd TCAS system is explained in this
chapter. This chapter provides thorough information, which is essential to develop a

stateof-art automatic collision avoidance system.

Chapter 6 proposes the framework of the automatic collision avoidance sysiien
describeghe structure of the system with the technaradoperational specifications

for the utilisation of the new automatic collision avoidance system.

Chapter 7 details the utilisation of mathematical techniques and formulas to develop
the automtc collision avoidance systemmodel Theseformulas are used for the

collision risk assessment and the calculation of the avoidance manoeuvres.

Chapter 8 demonstrates the validation experigavhiich are performed in the full
mission bridge navigationaimulator,to test thenew automatic collision avoidance
system. This includes the utilisation of the Key Performance Indicators (KPI) to
measures the performances of the participants against the classical procedures for

collision avoidance at sea.

Chaper 9 discusses the outcome of the research and achieved benefits of the
developed automatic collision avoidance system. This dé@lachievement of the
aim and objectives of the research andg#yesin the study with the recommendation

for the best dvelopment of the system to continue for future research.

Chapter 1(resenthe conclusion of the research with the keptributionghathave

been achievethroughthis research.



2 Aims and objectives

2.1 Problem definition

Although the shipping industry has proven its efficiency as a mode of transport with an
adequate safety level, it still has a high potential for catastrophic accidents. For example, an
accident in a tanker ship caause severe impact on the environment, potentially lasting more
than a decade, with costs reaching up to billions of US Dollars, such as the oil spill of
Deepwater Horizon in the Gulf of Mexico. Similarly, other shipping sectors may cause
different typeof disasters: take passenger shipsinstance, with a carrying capacity of more

than thousarglof passengers aboard, has the potential for fatal consequerfeesexample,

the collision and grounding of the passenger ship Camtaordiawhich has 229 passengsr

and crew orboard, where 32 people have lost their lives in this accidéiit, 2013). It is
therefore vital to ensure a high level of safety is achieved and maintained in such an industry.
Accordingly, the maritime accidentsd6 stati s
caused directly or indirectly by human error, with more th@¥ Bf those accidents due to
contact, collision and groundingEMSA, 2017, Allianz, 2017)Human performance can be
affected by many factors, such as fatigue, heavy workload, inexperience, language difficulties,
skills,omission, etc., and these factors have many dangerous consequences on the navigational
duties. As a result, the overall situational awarenmsshe bridge could deteriorate,
contributing to more human errors, giving the operators wrong perception dfmut t
surrounding environment. Due to misunderstanding and/or misinterpretation, then@@W

base his decisions on inaccurate information, which could be the root cause of a collision at
seaAdditionally, the high amount of daflow on the navigational mtge, which comes from

the navigationaéquipment, iveyond the human capability to handle, based on the cognitive
load theoryThus, this research is focusing on developing techniques and systenhance

human reliability and support the OOW in thdlisaon avoidance decision process.

2.2 Motivation

Surprisingly, there are no automatiollision avoidance systems -woard ships yet
However, all the available navigational aimisboard shipsare information systems, which
provide navigationainformation to the OOW. The OOW then needs to understand this

information, analyse it and then take the most appropriate action, to avoid a collision. On the



other hand, the aviation industry uses the TCAS system, which provides the pilot with both
visud and verbalavoidancealert and necessamnanoeuvreautomatically without any
interaction from the pilot. Moreover, the TCAS system is mandatory by regulation, and it has
proven its reliability as an automatic collision avoidance system over the tiregadddment

of the system.

2.3 Gaps

1 There is no automatic coordination and information exchange between collision
avoidance systems in the maritime industiyis will help in sharing the same mental

model and ensuring all targets are aware about the avoidance manoeuvre.

1 There is a lack of standardisation in the display and operation of the navigational

systems.

1 There is no interaction between opera{@®W) and systems to ensure an adequate
level of situational awarenessiannmachine interactionThis means if the OOW is
not reacting toalarms going off due to dangerous situation, there is no other

procedures to prevent accidents from happening.

I The colisbpnavoi dance model s i n t he | i teratur e

parameters.

T No approved standardisation of the collisiavoidance parameters to support the
OOW in decision making. Such as minimum Closest Point of Approach (CPA) and
minimum time to CR (TCPA).

2.4 Aims

The main aim of this research is to develop an automatic collision avoidance system to support
the OOW in taking the most appropriate avoiding action, objectively. These actions are taken
based on the real surrounding environment argetar In addition, any subjectivity in the
OWWOs acti ons Wlhefelnostiolethe dimes thd ©@@Ws are taking correct
navigational actions, yetn some casedhey make subjectivadecisions based on wrong
interpretation of the situation around tfl@pand that catead to dangerous accidents at. sea
Thus, the intelligent Enavigation framework, aviation technologies and more enhanced

procedures will beeveloped/usetd conduct this research. In order to achieve this, integration



between all navigtional aids ofboard ship will be utilised and displayed in the new system,
with a useifriendly display unit. Theconcept of thenew system will consider the human
centred design approach in the layout, displaying informatimhprovide the OOW with
warnings and optimum avoiding actions. Moreover, this will enhance the overall situational
awareness on the bridge, and the maritaéety generally by reducing the number of

accidents at sea.

2.5 Objectives

9 Critically review the available literature on maritime safety and the factors that cause
the maritime accidents. Also, review other indus@riapproaches for accidents

prevention.

T To developt h e syst emds ar chi t eautbnaticeollision r a me wo
avoidance systemThis includes theoordination and information exchanfgection
bet ween shipso syst ems i n collision sit
manoeuvres to ensiall ships are aware of the situation and the appropriate actions

to be taken.

1 To develop the automatic collision avoidance system, which can evaluate the risk of
collision, calculate the optimum avoidance decisionand provide

guidance/instructions to@W.

1 To test and validate the developed automatic collision avoidance system in-the full
mi ssion shipbdbs bridge simulator, to exami

in real scenarios collision avoidance abilities.



3 Critical review

3.1 Introduction

This chapter will illustrate the literature and critical review that are btatine general topic

of maritime navigational safety and focusiog the development of the automatic collision
avoidance system for ships. The structure of the chapter as folleisst sectionis a brief
statistical analysis about the maritime accidents. Then, the discussion czfuses of the
maritime accidentthis includesthe human factors, bridggocedures for collision avoidance,
bridge ergonomics and the human psychology of decision making. After thigvibes of

the COLREG regulation and its difficultiegll be performedAvailable system in the bridge

and its weaknessasill be discussedThe next section will be discussing the differences
between the procedures in the maritime and aviation with regard to collision avoidance.
Finally, the critical review of the research topics of the automatic callsiwidance models

will be presentedThe chapter will be concludesiith a discussion about the main critical
outcomes that need to be addressed in this research to develop an efficient automatic system

that can help the OOW in decision making for collisavoidance.

3.2 Maritime accidents statistics

In order to unravel the issue of maritime accidents, it is important to identify the prablem

this will explain the main contributing factofer maritime accidents. The following two pie
charts illustrate the most frequent marine accident types and the contributing factors that lead
to these accident&MSA, 2017) In (Figure 4), the percentage of each type of accident is
shown, where 50% of these accidents are; collision, contact or grouthigA, 2017)
Accordingly, by reducing the frequency of these navigat@ated accidents, the total number

of accidents will be reduced.

Furthermore,(Figure 5) shows the main conbiting factors that lead to accidents in the
maritime industry, which arehe human factor that causé0% of the accidents, equipment
failure with 23% However, it is important to reduce human errargl enhance the reliability

of the navigational systes and equipment to reduce navigational related accidents. Based on

these statisticsmitigating the number of navigational related accidents and the main

10



contributing factors of these accidents (human errors and equipment failures) will reduce the

maritime accidents drastically and enhance the maritime safety dramatically.

Accidents

Capsizing Hull

. 0
F'O‘z)d'“ 1%/ ailure
3% | 1%

Figured Maritime accidents event§EMSA, 2017)
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Accidents causes

Other _ ynknown

Has. \essel 1%

Material 5%
5%

Envi.
Effect
6%

Figure5 Maritime accidents causationfEMSA, 2017)

3.3 Main Causes of Maritime Accidents

Maritime transportation is an essential player in the glebahomy, in which over 90% of

the world's trade is carried by shif€S, 2017) Moreover, ships are, by far, the most eost
effective mode of transpogoods and raw materials across the w@Heétherington et al.,
2006) The maritime industry has proven its efficiency in transporting almost every type of
goods in competitive expenses, comparing to other modes of transpoft@r2017) In
addition, shipé enhancement in terms of performance and capacity has offered superior

services to endsers through better optimisatianthe supply chain services.

On the other hand, a catastrophic marine accident chighly harmful to the environment,
properties and live¢Chawin, 2011) Maritime accident investigations have revealed that
around 80% of all maritime accidents are directly or indirectly linked to human éBiatsr

and McCafferty, 2005, Rothblum, 200y revealing the root causes of maritime accidents,
this will considerably help to find preventive solutions, which therefore, reduce the maritime
risk through reducing the frequency or/and consequences of thaiderdas(Rothblum, 2000,
Montewka et al., 2017)

12



This section will investigate the relationship between human element, bridge procedures,
bridge ergonomics and automation. Moragtke contributing factors that either; enhance or

deteriorate the maritime safety and collision avoidance procedures.

3.3.1 Human Element

Humanis involved in almost all marine operations, with different levels of engagement,
depending on the automation adeament orboardships (Popa, 2015, Hetherington et al.,
2006) Nonetheless the role of the human is changing according to technological
advancement. Previously it was human who persalithe operations, such as; mooring,
mechanical operation, lcallation and measuremegitietherington et al., 2006Nowadays

the role of human has changed to monitoring and controlling the performance of computerised
and atomated operationd&othblum, 200Q)However this does not stop or eliminate human
error, the other way arounthis produced more opportunities for operators to ndiferent

kinds oferrorsdue to the complexity and increased number of the navigational equipment and
the information they provide. With the availability of the navigational equipment, OOWs tend
to make métakes in acquiring, proper interpretation and usage of the information and the
efficient monitoring of thenavigationalequipment.Neverthelesshuman hathe ability to

adapt according to the situation to make the best judgment in a specifithegseeed to build

their decisions based on correct informatiMthereas, automated systems have better
calculation ability and accuracy, yet, they act accordimgthe available information.
Accordingly, computer systems do not have the intellectual abilities to solve real world
problemg(Stranks, 2007)

Although, there is no doubt in the effective involvement of human in navigational duties and
decisionmakingabilities. However, the increased demand on the maritime industry s ma
it difficult for the operators to cope with the current situation wittsogport. The increased

demand has introduced extra workload on human, such as;
1 Increased cargo loading and discharging speed at ports.
1 Faster and larger ships.
1 Marine traffic congestioteading to more complex navigational condition

1 More navigationaéquipment to monitor.
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1 Reduced manning number-board ships.
1 Commercial pressure to meet market requirements.
1 Increased regulation fulfilment requirements.

Accordingly, these issues have initiated a dilemma, which has placed operators in a situation
thatforced them to perform inefficientlfHetherington et al., 2006, Chauvin, 2011, Stranks,
2007) In addition, the introduction of automation systems, which does not accommodate the
human needsand the reduction of manning level emoard shipdas put in extra load on
human(Hetherington et al., 2006, Viorica, 2015urthermorethe manning reduction on the
bridge has resulted in creatingpre admin work for the OOWHowever, the introduction of

poorly designed automation systems has moved the workload from being physical loads to
mental loads. In conclusion, theove-mentioneddilemma has resulted in the deterioration of
human performance. The factors that have impacted on human performance has been

diagnosed as following;
1 Stress and fatigue.
9 Situational awareness.

I Training and communication.

Stress and fatigue

To tackle this problem, the IMO has introduced wark-rest hours regulatiento ensure
everyone has adequate restbmard. Despite that, seafarers are still working for long hours
without sufficient rest, especially ithe case of frequent port opemtis (loading and
discharging). Additionally, the stressful working environment in maritime industry, which is
obliged to meet certain requirements, such as, deadlines, increased number of regulations and
procedures, selictualisation and good appraisat fwwromotion, all this has increased the
amount of stresses for seafar@®spa, 2015, Baker and McCafferty, 2005, Squire, 2005)

a result of extra workload to meet regulation needs and commercial prettsaildzlinood

of suffeing from fatigue and stress due takeof proper sleep and rest has increased, which
also increased the chances of making er(Beker and McCafferty, 2005, Squire, 2005)
Those errors are contributory factors in the chain of events that endnpitasant accidents
(Chauvin, 2011)
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Situational awareness

In order to obtain and perform safe watch, the OOW must be aftrereal situation around
his’/hership, with full understanding and interpretation of all targets in the viqBaker and
McCafferty, 2005, Hetherington et al., 2008he misunderstanding or misinterpretation of
the surrounding situation, which is triggeredthg incorrect risk of collision assessment or
wrong reading from nagational equipment has a negative impact on the OOW situational

awareneséKurt et al., 2016)
Training and communication

In general, the training level for the basic and general knowledifpe maritime industry is
reaching an acceptable level. However, gneblem is in the lack of standardisation of
navigational equipmentin such case, the OOWs need to be familiar with different
manufactured equipment in different shilO, 2003) However,normaly the handover
between officers taka few hours, which is not enough to learn about new devices. On the
other hand, thre is aneedfor better communication skills among crew and officers with better
motivation toward safety culture. Additionally, futhplementation of knowledge from the
crew/bridge recourse management courses is required to adcmesdequate levebf
situationalawarenesgHetherington et al., 2006, Popa, 2015, Baker and McCafferty, 2005)
This will ensure that all people engaged in the navigational process are sharing the same mental

model and take decisions based on the real situation.

In summary, the human reactionaritical navigational situation is being compromiskc:

to theabovementionedactors, which are negatively influencing the OOW performance. This
hasaffected the OOW decision making efficiencgnd that resulted in most of the accidents

at sea. Subsequentigliminatingthe factors thatause the stresmnd fatigues to the OOWSs,

as well as providing effective methods that support the OOW and allancesase in the

situational awarenedsvelwi | | enhance the OOWb6s perfor manc
and the maritime safety significantbjdditionally, theimportancein the maritime training
programmego ensure the best education level is delivered to the OOW with the latest

technologieSavailable orboard ships.

3.3.2 Bridge Procedures

The procedures have been developed to standardise tl¢i@penrboard ships toeduce the

human errorsand enhance 0 p e rHaweeer, bhese pracédoresnasennote
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applicable all the time, as tlseenarios;are changeable ireatlife situations. In some cases

the OOW cannot comply witthe single procedure as he has many tasks to perform in the
same time, and each task has different procedires et al., 2016)Another issue where the
procedures do not match with the specific situation, either because of different layout or
different systems need fflirent procedures, or crew member does not follow a specific
approach of performingparticulartask(IMO, 2003) Moreover |t is the commercial pressure
where the crew have to satisfy the neefifigher management level or costumavhjch

force them to divert fronthe original procedures or applying different process to perform
tasks and/or take shortcuts within the proceduré®hillon, 2007, Mearns et al., 2013)
Unfortunately, tis can increase the possibility of human errors where differemplpapply
different proceduresand in every time a task isrp@med differently (Kurt et al., 2016)In

other words, the lack of standardisation and synchronisabietween theoperational
standards and the tasks in hand, has forced the operators to develop their own pobcesses
take a shortcut tperform tasks in the absem of best operational standa iiéearns et aJ.

2013, Johnson and Shea, 2007)

3.3.3 Bridge Ergonomics and Automation

After discussing the role dhe human in maritime operation and their influential factors in
most oftheaccidentsit is important to establish structure oidentify aproven approach that

can enhance human performance has become enatent The ergonomic design, which
concerns ahdat the study of human and their working place in a manner that enhance human
reliability and task performance, offers a possible solution for reducing human ertioes in
maritime industry(Stranks, 2007, Mallam et al., 2015)

If human neeslto adapt to the way that the task is designed, themperator is not able to
perform to the optimum level, which then increases the probabilities of making human errors.
Therefore, ifrst, the ergonomic principle and its aspects will be explained to give a better
understanding of the ergonomic designhtéques. Then, how ergonomic is beneficial in
designingas h i p 6 ssothmtthe dpgrational proceduiem be designeid enhance human

performancerather than the other way around

Ergonomic definition
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Ergonomic is the design or layout of a workiplgce to comply with the capabilities and
limitations of human performanddavaux et al., 2015Designing ergonomically helps in
reducing human ovestress and enhancing the performeaty more comfortable working
place (van de Merwe et al., 2016Moreover, the automated systénesgonomic display,
which is designed to reach the optimunegtional level obtained by operat@isiO, 2000,
Mallam et al., 2015) Ergpnomics can be applied in physical designs or as cognitive

ergonomicgStranks, 2007)

1 Physical designs are about the physical capabilities of human in performitasksy
or operation, the allocation afhuman within the surrounding environmégtranks,
2007) This includes the lifting operation, movement in working place, reaching and
handling devices, controller of systems and safety and health issues.

1 Cognitive ergonomics are more focused on the relstiipinetween human, machines
and automation in a wdkiat ensureoptimum human perception and interaction with
systems (mamachine interaction)Stranks, 2007)That will help the operatawith
the decisionmaking loop, better situational awareness, less stressful situation and

optimum tasks performance.

3.3.3.1 Ergonomics and Layout o€lassical Navigational Bridge

With regard to the ergonomics and layout of the traditional navigational bridge, it is apparent
how the navigtional equipmenis placedin various locabns around the bridgd-igure 6).
Moreover, inthe maritime industry the adoption of new regulation about allowing new
technology or system in shipakes aminimum of five years to be enforced. Additionally,

is the nature of developing the navigational equipment, where every system has been
developed individually in a different timeframe. As a result, the systems and equipment have
been located in the available spaoashe bridge without consideration to the applicability of

the locations for conducting the navigational dufigsle et al., 2014d)Consequently, the
OOW needs to be mobilised in the bridge to observe and monitor the navigational equipment
and to collect the necessary information. Although, in newly caststiuships, the issue of
systems integration and bridge ergonomic have been cons{@miecet al., 2014d)Still, the

OOW needs to monitor several navigational systems to ensure the safe operation is obtained
from all of the equipment. In this case, crobgcking in various equipment is essential, such

as; GPSs with ARPA and ECDIS, AIS with ARPA and ECDIS, weather monitoringeevi

and magnetic and gyrocompasses.
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Figure6 Ship's bridggNOIA, 2017)

3.3.3.2 Enhancing navigational safety by implementiran ergonomic design irthe

shipbs bridge
Generally, in maritime industry the naval architeat)jo design and build ships, are
disengaged or incoherent with the amgkrs in shipsoperators(Montewka et al., 2017,
Osterman et al., 2016J herefore, without a complete awareness about the needs of the end
users to perform a task or duty, it would bdidiifit for naval architects to design an ergonomic
and productive working place. In order to solve this challenge, attention slyiliemgo the
needs of endisers (crew, OOW and enginee(€psta et al., 2017)Accordingly, human
centred design of a navigational bridge can
and OOWOb s tofmeeat thdiraneekls in performing tagk¥osta et al., 2017)Also,
consultations and disssions with experts from the industry will provide usafylut about
how better to desigthes hi pds br i dge t odwerkingeoviroangerttoan e nh
OOWs. Another solution is to assign a number of naval architects to spend some-time on
board shipgo fully understand the nature of life on ships, then assign them to redesign the
navigational bridge to fulfil the seafarers desiderros, 2014)Additionally, move from the
mind-set of developing the best and latest technologies, to dmam technologies, which
support and aligned with human needs, in order to have improved resources to perform tasks

(Norros, 2014) With all these in consideration and better developed and ergonomically
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designed shipsd br i dspketywilbbe ackiavdtlavawx etcdl., 2085y i gat i

van de Merwe et al., 2016Jhis achievement will be targeted by better situational awareness,
througha clearer perception of the OOW about the surrounding situation in an improved
working environmen{Costa et al., 2017Pue to this, the OOW will be more confident and
able to make correct decisions in critical situatiandthis will lead to improved control over

the entire ship.

However, this research will focusn the area of cognitive ergonorsi which study the
relatiorship between human and machines, to improve the-machine interaction and
performance. In general, more focus is given to the-machine interaction and the
enhancement of human reliability in operations. By applying theitbagergonomic designs

and marmmachine interaction principles, human performance will be enhanced, and this will
reduce human erro(Stranks, 2007)Thus, a greatocus shall be given to the mamachine
interaction and control of the system (the automatic collision avoidance sy$esa).
attention is given to the information exchange between the navigational system and the user
(OOW), which is the main source tf@OWs depend on to maintain a safe navigational watch.
However, awell-designed display unit (mamachine interaction) is able to minimise
operational stresses, human errors and improve the overall human perfoffaaseraman

and Riley, 1997, Stranks, 2007) For S y s t omaeshodld wmsider the physical
capabilitiesand strength of human for convenient operatiitnanks, 2007)inefficient design

of control station can be difficult to operate, and it could be a source ofcahiguries,

frequent mistakeand difficultyin operation and accidents in working place.

3.3.4 Educational psychology and human learning behaviour

After the discussion about the factors that have an impact on human performance during the
navigational watch, which have a negative effect on the Q@waction must be taken to
support the OOW and enhance the navigational safetys,investigating the characters of
human learning and processing information will play an essential role t@vmpruman
performance. Moreover, to find a comprehensive solution that can support the OOW and the
overall navigational safefgonsideringhe human psychologn humanmachine integration

can play a major role to enhance the navigational process. Aisaill improve the working
environment on the navigational bridge to achieve optimum performance. This can be attained
by understandg the process ithe human brain that helgs learnnew skills and retrieving

prior knowledge formproblemsolving. Thisis covered in the educational psychology field,
under The Cognitive Load Theofleppink, 2017)
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Cognitive Load Theory

In general, the human utilises two different storiagation, in the brain, that help in solving

any problem or situation. The lotgrm memory and sheterm memorySweller, 2016, Paas

et al., 2003a)Thelongterm memory is where the previously learned knowledge and skills
are located, where they can be retrieved when ng&aealler, 1988) The longterm memory

has unlimited capacity, where human is learning new skills and predaibimg technijues

on everyday bases. In an effort to utilise the knowledge from thetéwngmemory, this
information must be retrieved and allocated upon the required task (problem), based on the

problemsolving experience of the pers@aas et al., 2003b)

The shorterm memory is the working memory aitdcan holda very limited amountof
information, about two to three elementdte same tim¢Paas et al., 2003ah this short

term memory, the person holds the required information (elements) to solve a problem in hand.
This is the most related and important procegsadiblemsolving that has an influence on the
OOW in navigational duties and decision making. réf@e, here wheréhe limitation in
human performance and capabilitesme into the pictur@s the very limited number of
elements restrict the human from handling laageountof information at the same time.
Additionally, the learning process of anywneopic or skills starts with receiving the
information in shodterm memory. Then, retrieving the required -fgarned skills or
knowledge, from longerm memory. After that, analyse the new information (inputs) based
on prior learned experiences, to sob problem in hanfChandler and Sweller, 199\Vith
practice and experienceew knowledge and information move from skerm memory to
long-term memory, which improwhe performance ohe person in his own fieldeppink,
2017)

However, the limited capacity in the shtetm memory makes it difficult foa human to
handle a complex situation. Likewise,thre navigational duties, where the OOW is required
to monitor and perform a largemountof information and tasks, this is usually how human
errors occurred. Where the human has a limited capacity toahiodinendousamountof
information, process thennd then make the decisigrihe potential to forget or miss an

important part or task isecominghigher.

Based on the cognitive load theory, full consideration has been given to the human capabilities
in handling navigational information. This has thetivation of finding a solution that allav
the OOW to perform better and enhance the overall situational awareness on ships. In this

manner, the proposed solution in this research aims to reduce the amount of information that
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required to be processed hetOOW, to reduce the load on the shiertn memory. This will

be achieved by the utilisation of the computer. In which computers have great mathematical
and computational capabilities, this will be used to perform the complicated calculations, then
provide it to the OOW. The responsibilities of the OOW will move from collecting
information, do the analysis and make the decisions, to utilise the prior knowledge (from the
longt er m memor y) t odedgisiordagdeappty h. Eigugeshews thawmpesional
process triangle, this triangle illustrates the interaction between human and machine, where

certain procedures need to be implemented for the best application of the available system.

Procedures

Applicability

Figure7 Operational process triangle
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3.4 The International Regulation for Preventing Collision at Sea
1972

In fact, The first Rules of the Ro@OR), whichalsoknown as the COLREGyas introduced

in 1840 by the London Trinity House, then entered into force in 1846 by the parliament
(Cockcroft and Lameijer, 2012&ventually, the last majoeview and rewrite of the collision
regulation were in 1972, after the deliberation of London conference by the Inter
Governmental Maritime Consultative IMOC (which is now known as the International
Maritime Organisation IMO). As a result, ti®nventionof the International Regulations for
PreventingCollisions at Sea, 1972 (COLREGSs) brought up to the l{ghckcroft and
Lameijer, 2012a)This convention entered into force in 1977 and followed by some minor
amendments heretofo(€EOLREG, 2017, Belcher, 2002fhe COLREGSs are basically a se

of rules that provided to the OOWs in order to help tivéth regards tahe encounterd

situation, such as; crossing, heador overtakingWang et al., 2010)

Nevertheless, this requires full understanding and interpretation of the whole situation around
the ship(Mohovic et al., 2016)However, the OOW will be able to appoint the responsibilities
between vessels in encounter situation and how to avoid collision sit(étidie, 1962)

Finally, the rules guide the OOW about the suggesterdeaf actions to avoid collision with

other vessels and give some prohibited actions that shall not be taken under any circumstances.
COLREG consists of 38 rules in which they are categorised in five parts as follows; Part A, is
a general information ancbmments, Part B, Steering and Sailing Rules, Part C, the Lights
and Day Shapes of vessels, Part D, the Sound and Light signals and Part E, Exemptions of
some vessels from following some ru{@dO, 2005, COLREG, 2017Furthermore, are four
annexes for technical details and specifications of the navigational lights, shapes, sounds and
distress signal@fCOLREG, 2017)However, these rules and its interpretation need todile w

understood by the OOW to avoid any conflict situations at seas.

3.4.1 Explanation of Collision Situations and Actions in COLREG

With the consideratiorof COLREG, three conditions of vessel conlibbive been identified

that covers all possible collision situation at @80, 2005) Identifying the conflict situation
takespriority in order to assign the legal responsibilities between vessels as well as knowing
the action to be taken and by which vessel it should be {@aakcroft and Lameijer, 2012d)

Part B, Section Il of COLREG regulation is thelated section of vessels in sight of one

another, which mentions the collision situations and the adiiohe takerby thevessels in
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these conditiondMO, 2005) The collision situations are Overtaking, Headand Crossing;

but, it is crucial to correctly interpret the conflict situation in order to take the correct actions
(Mohovic et al., 2016)Moreover, the legal responsibilities to allocate which vessel should
take action and which oneahld continue in her route (the Giwgay vessel and the Staod
vessel)should be clearly spelt aufhus, it is worth mentioning the definitions of these
situations and actions with some of the essential points of COLREG in relation to collision

situations.

Overtaking situation / Rule 13

Any vessel approaches the other from the stern is an overtaking vessel, and she shall keep clear
of the vessel beingvertaken Figure 8) (IMO, 2005, COLREG, 2017)However, thestern

sector is 22.5° abaft the beam of the ship, or at night it could be recognised by the stern lights,
135°(IMO, 2005, Cockcroft and Lameijer, 2012d)

Headon sitwation / Rule 14

Any vessel meets the other on a reciprocal or near reciprocal course in@nh&tagation,

and both vessels shall alter course to starboard side, so they pasppdrfFigure9) (IMO,

2005, COLREG, 2017)n such case, both vessels see the other ahead, and they can see the
masthead light oa line or nearly oraline with both sidelight¢§IMO, 2005, Cockcroft and
Lameijer, 2012d)

Crossing situation / Rule 15

Any vessel on a crossing course with another, where the risk of collision exists, is in crossing
situation(IMO, 2005, COLREG, 2017)The vessel sees the other on her starboard side shall
keep clear, as well as avoid to pass ahead of the other vessel if the circumstances admit it
(Figure 10) (IMO, 2005, Cockcroft and Lameijer, 2012d)

Giveway vessel / Rule 16

The vessel that required keeping clear of another by this regulation is thev&ivweessel
(IMO, 2005, COLREG, 2017)She shall do so in an early time with enough actions to be
recognised by other vessels to keep well 840, 2005, Cockcroft and Lameijer, 2012d)
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Standon vessel / Rule 17

The vessel that is not the Givay is the Standn vessel, and she shall maintain her course
and speed MO, 2005, COLREG, 2017However, if the Givavay vessel is not taking action

or her action alone is not enough to void the collision, then the-8tande shall take the best
action to avoid the collisiofiIMO, 2005, Cockcroft and Lameijer, 2012dloreover, the
Standon vessel, when she has to take action, should avoid altering course to the port side if
she has a vessel on herfgide. Also, the Givavay vessel is not relieved from her obligation

to keep clear of the Staruth oneg(IMO, 2005)

A )
ﬁ oo}
Figure8 Overtaking situation (RYA Figure9 Headon situation (RYA, 2014

2014)

B
Figurel0 Crossing situation

(A) Stanon, (B) Giveway
(RYA, 2014)
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3.4.2 The Subjectivity and uncertainty of COLREG regulation

In maritime navigation, all collision avoidance manoeuvres are made based on the Collision
RegulationsCOLREG(the Rules of the Road). Although these rules have helped in managing

the maritime traffic and also advised every vessel about the collisioraageigdnanoeuvres

that need to be taken in every situation, it did not stop accidents from happeningg i | an d
Erceg, 2008, Demirel and Bayer,2015) Es peci al |l y nowadays, traff]
have increased significantly. Aftean indepth study of the COLREG, we found a number of

issues that can causmblemand confusion for the OO\(Demirel and Bayer, 2015, Belcher,

202, Wylie, 1962, Szlapczynski and Szlapczynska, 20Es)st of all, the subjective nature

of the rules, where it does not inform the OOW about the specific action to take, itistead i
leaves the decision to OOW to dec{@elcher, 2002, Szlapczynski and Szlapczynska, 2015)

That is clear in some phrases such as;mefl f t
and Alf there is sufficient sea roomo all t
situation(Cockcroft and Lameijer, 2012d, Wylie, 196R)oreover, COLREG does not inform

the OOW with the magnitude, nor the time to take the avoidance g¢tiang et al., 2010,

Belcher, 2002) However, the judgement is left to the experience of the OOW and the good
seamanship practices, which makes it dangerously subjective dec{§iockcroft and

Lameijer, 2012c, Belcher, 2002, Wang et al., 20MNgvertheless, if we look at rutkb

Crossing Situation, it is clear that the ship sees the other one on her starboard side is the Give
way vessel, and she should avoid the Stamd/essel(Cockcroft and Lameijer, 2012d)

Whereas in rule 17 it sayst h e -dB vemseldnatake action to avoid collision by her
manoeuvre alone as soon as it became apparent to her that the vessel required to keep out of
the way i s not t a(Cockcftangplamegep, ROil2algan itasdeftto o n 0

the OOW orthe Stanebn vessel to decide when to take action then abeinaresubjective
decisionqBelcher, 2002, Wang et al., 2010, Kunieda et al., 2026}jhe other hand, loking

at the risk of collision, and the collision avoidance regulation, it is highly dependent on the
OOW interpretation of the situation; however, people perceive risk levels diffe{Btreyks,

2007, Mohovic et al., 2016, Szlapczynski and Szlapczynska, 201 As a r esul t |, OC
perception is varying, thus, this impact on the time where the OOW decides to start the
avoidance action, as welé dhe magnitude of the actiofBelcher, 2002, Wang et al., 2010,

Hadnett, 2008)In this case, COLREG appears as ambiguous, with a high level of subjective

and uncertain rules that left the OOW to decide the magnitude and time of actions based on

his interpréation of the situation€ohovic et al., 2016, Wylie, 1962)
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Moreover thereis anambiguitywith the regulation in case of more than two vesiseislved

in a collision situationAll the scenarios of encounter in COLREG regulations assume two
vessels in a collision course and imstructions are given if more than two vessate
approaching a collision point. However, in rifa@, when a shipd in a collision situation with

more than one target, the OOW needs to analyse the whole situation to assign a priority of
avoiding the most dangerous target, and then consider the less dangerous targets. In crowded
navigational areas, the task of kagpclear ofa high number of targets become exhausting

and the chances of missing of forgettingake an avoidance action can be of great danger to

the safety of navigationThat is when, automaticollision avoidance system can be a great

assistance to OOW

3.4.3 The Use of VHFcommunicationin Collision Situation

These days, the OOWSs are commonly using the VHF to communicate with other targets about
the agreement or disagreement of the avoidance manoeuvre, yet, this has increased the chance
of accidents by some misunderstanding of communications between Q@Afset &,

2012) Neither, COLREG regulatian nor the IMO recommend the use of VHF
communication to agree on the avoidance manoeuvres, as every ship must apply COLREG
requirement in every encounggisituation. However, the VHF can be a useful device in order

to remove the uncertainty of the situation by agreeing on or determining the actions to be
taken. On the other hand, it is still not recommended to rely on VHF, as it ¢thareason

for many accidentsThe collision betweenhe MINERAL DAMPIER and theHANJIN
MADRAS is an example where MINERAL DAMPIER was thee-way vessel, but as per

the VHF agreemershedecided to Starrdn and let the HANJIN MADRAS take the avoidance
action. HANJIN MADRAS did not take any action and they collided leading to 428iésta
(Cockeroft, 2003)(Harding, 2002had claimed that the IMO haadorsedhe use of VHF as

a bridgeto-bridge mean of communication in collision situation to remove the @iegrand

agree on actions. He supported his claim by the Uniteds®tdte Amer i cads act i
enforced the use of bridge-bridge radio communication to agree on the avoidance action for

all vesselsavigatingin the American water6Cockcroft, 2003, Harding, 2002, Stitt, 2003)

(Stitt, 2003, Cockcroft, 2003rgued his clians by supporting the US act for the local waters

in America only, as that rules will be enforced in harbours, channels and confined waters
wherein most of the cases pilots aneboard The VHF communications are conducted
between the pilots (they receitike same level of training, afipeakEnglish asthe first

language and they are expert about the areas of their operation), where the criticality of the
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cases required the use of the V{Hitt, 2003) Nevertheless, those circumstances do not apply
in open seas, with an extreme concapoutthe language issues, as it has been reported to be
the reason of misunderstanding the VHF communication between(Shighs2003) In this
regard(Cockcroft, 2003, Stitt, 2003)ad denied the endorsement of VHF communication by
the rules in collision avidancemanoeuvreswhich had been claimed Igifarding, 2002}o
avoid the misunderstanding between ships. In conclusion, the introduction of new technologies
does not affect the obligation to foll)BBOLREG at all timesin international shipping, there
aredifferences in theulturesbetween OOWsdifferent levels of experience and languages
difficulties, which isthe case in the maritime industffherefore,it is safer to follow the
international egulation at all times rather than individual agreememésed on the VHF
communicationsywhich can be easily misunderstood and leads to accidents.

3.5 The utilisation of navigational aids and equipment within the
navigational duties

Sailing started a long time ago, where the@sgeno electronic communication methods, nor
navigational systems. However, sailors depend heavily on traditional methods and experiences
inherited from previous navigators and sailors. Moreover, the touglfiesslors' life on

board and the long times they used to spend in seas generated a proudness and glory of
themselves. These attitudes, over time, turned out to be an arrogance where it became the most
known character about sailors to date. Indeed, te&ted resistance from a large number of
navigators to the development of new navigational technologies and techniques, claiming that
they ardnefficient,and it is impossible to dispense traditional techniques. In addition, the long
processes and time ngced for adopting new technologies and systems in the maritime
industry by the International Maritime Organisation IMO lead to individual equipment
introduction over long perioddole et al., 2014d)This develops a poor bridge layout and
syst ems & (Bole étalg20Bd, Brigham, 1972)

Consequently, the OOW is exposedatbigh level of information flow from navigational
equipment located in different areas the bridge(Pietrzykowski et al., 2016)Nhereas all
these navigational aids are information systems onlyyyelecision support system has been
developed to help the OOW in decision makjRgetrzykowski et al., 2016xplanatiors of
ordinary bridge navigational equipment in the manner ofiinédion provided to support the
OOW to interpret andnderstandhe navigational situational around the ship given below

In this sectionthe utilisation and interaction with the navigational systems are discussed
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togetherwith the shortages of each system. In chapter 5, the technical specifications of each
system are discussed in more details with the features and IMO requirement of systiein

will be mentioned.
T Shipds conning display unit
1 Weather monitoring unit
1 Automatic Identification System (AIS)
1 Radar, X and S bands / Automatic Radar Plotting Aid (ARPA)
9 Electronic Chart Display and Information System (ECDIS)
1 Global Positioning System (GPS)
1 VHF for external communication

1 Echosounder

351 Shi pbés conning display uni't

This system is alisplay unit where most of the navigational information is displayed for
performance monitoringqgure 11). The data is collecteddm different sources and sensors
and displayed and grouped in a logical way for easy monitgKioggsberg, 2017)The
conning display unit shows information related to the ship status and Kautgsberg, 2017)

In addition, an alarm system display can be integrated dlarms messages and
acknowledgement purposé€kongsberg, 2017)Yet, this system has most of the required
navigational information that related to the own ship performastite the OOW cannot rely

on this system solely. This is because of the feemonitoring the other navigational system
(APRA, ECDIS, AIS) for full interpretation of the situation with regard to targetshe
vicinity. However, this creass dilemmaof various systems monitoring and craseecking

of navigational information.

Status informatioifKongsberg, 2017includes:

I Heading
1 Rudder angle
T Shipds speeds (forward, astern and side sp
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1 Engine RPM
1 Water depth
T Winddbs speed and trdd)rection (relative and

Route informatior{(Kongsberg, 2017includes:

1 Distance and time to next waypoint
1 Off-track distance and alarm
I The status of position receiver
1 Autopilot modes
1 Estimated time of arrival ETA
] [ [T ———— | = Vew | Cverste | A | bt
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Figurell Conning displayKongsberg, 2017)

3.5.2 Weather Monitoring Unit

This provideswi nd s s p e e dneasurainenaind the water aument inductions,

relative and true informatior\lso, the relative humidity and atmospheric pressure, which are
important factos for future weather forecasting.he weather information is important to
support the OOW in the navigationandahdt i es t
water current havea significant influence on the ship manoeuvrability and movement.
Moreover, this information allows the ship crew to predict the weather condition and plan their

voyage to avoid entering in bad weather condition.
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3.5.3 Automatic Identification System (AIS)

The Automatic Il dentification System AIS is
exchange with other ships and shore bases (Vessel Traffic Serviceg MéTigault, 2005)

The main aim of the system is to enhance the situational awareness by autgnpaticaihg

t he OOW with other shipsdé informati on, such
(IMO, 2002a) The AIS system operates on VHF frequency, and it exchanges data
automatically and continually without OOW interventigALA, 2002). However, any AlS

equipped shimnd VTS can receive the AIS information within the VHF range3@MNM),

with updating rate vary from 3 minutes for s
over 23 knots and turningMO, 2002a, IALA, 2002) Thus, the AIS became a vital system

for the safety of the navigation for the usefulness of its information, which feébds o
navigational aids with essential navigational information, for example, ARPA and ECDIS

(Bao, 2004, Bole et al., 20140)he AIS categorise the information in four groups depending

on the types of information and the data sou(td®, 2002a, Har-Mokhtari et al., 2007)

The nexttable (Table2) shows the information provided by the AIS system.

Table2 AIS Information and input sourcdMO, 2002a)

Static Information | Dynamic Voyage Short Safety
(On Installation) Information Information Messages
(From . (Manually (Manually
Sensors) Entered) Entered)
MMSI Shipbs Po Shi pds Dr Shortteximessages
which manually
(Maritime Mobile entered about safety

Service ldentity)

Call Sign and Name Time (UTC) Hazardous Cargo
Type
IMO Number Course Over Destination and
Ground ETA
COG

Length and Beam @ Speed Over Ground Route plan

SOG (Waypoints)
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Type of Ship Heading

Location of Position Navigational Status

Fixing Antenna
(Entered Manually)

Rate of Turn

(If Available)

Although the AIS enhanced the situational awareness by better information exchanges
between ships, it still has some limitatiorwhich need to be well addressed by the OOWs
(HaratirMokhtari et al., 2007)First, the abilityto switch the device manually; however, it is
beneficial for security reasons (piracy aria example)(IMO, 2002a) Also, it means the
system could be switched off at any time, and it would stop broadcasting the navigational
information. Second, the high chancesioman error when entering the voyage information
manually, then it would broadcast the wrong informagidarat-Mokhtari et al., 2007)

3.5.4 Radar, X and S bands / Automatic Radar Plotting Aid (ARPA)

The radar is the target detection device on board. It is also known as ARPA, where the system
automatically plots the targets and provides imf@rmation to the OOW(Figure 12).
However, the radar should be integrated with other sensors and data sources to be fully
functional (IMO, 2004, Bole et al., 2014c, Bole et al., 20148he inpt data required are

(IMO, 2004)

T Gyro Compass, for shipbés heading
T Shipds speed

T GPS,fa shipds position

T AIS

Basically, the OOW monitarthe radar to detect any target in the vicinity. Once a target is
detected, the OOW acquire it to be able to see the target informatidioratarget tracking
(Figure 13). However, target acquisition care made manually or automatically, wherein

automatic targets acquisition, the OOW should define the boundary of automatic targets

31



acquisition(IMO, 2004, Furuno, 2004)n addition, target detection has two options, it could
be eitherthe target isletectedoy radaronly, orthetarget is detected by thadar with AIS
information (IMO, 2004, Bole et al., 2014c)n case of only radar detection, the target

acquisition provides the range, bearing, Closest Point of Approach (CPA), deistacCPA

(DCPA) , Time to CPA (TCPA), targetbs true <c
indicate the data source, whether radar or AMO, 2004, Furuno, 2004\Where in AIS
targets acquisition, it provides naviegati onc:

Over Ground (COG), Speed Over Ground (SOG), CPA, DCPA, TCPA and rate of turn, with
the source of the daf@MO, 2004, Furuno, 2004)

Moreover, every ship is required to be fitted with X arbla®d radar¢gIMO, 2004) X-band

for high and sensitive targets detection. Anda®d for better detection on different weather
condition, like rain and fogIMO, 2004) When a target is acquired, the ARPA system takes

up to one minute to calculate and préasent he t ar get 6s (Boleaet&., (r el a:
2014a) Whereasthe ARPA systertakes up to three minutes to caklel the predicted motion

of the target, which provides full i nf or mat
(relative and true motiongdr reliable information(Bole et al., 2014a)Basically, after the

first detection of the target, the ARPA system needs to plot the target for a number of times to

be able to calculate the targets informatiBole et al., 2014aHowever, this is the reason for

the relatively long time of calculation, where this process used to carry on manually by the
OOW before the introduction of the ARPA systéBole et al., 2014a)

APRA systengivesalarms and warninggMO, 2004)if;
1 CPA and TCPA are less than the value set by the OOW

1 Alarm about newargets enters the guard zone and automatic target acquisition. The
target must enter through the boundary of the guard zone, which is determined by the

OOW. Otherwise, the system does not warn about it.

1 Alert about lost targets, which already been tracked
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Target in guard zone
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ARP TARGET
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BCT 20MIN
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J
BRG: Bearing from own ship to target
in R (Relative) or T (True)
RNG: Range from own ship to target
COG: Course of target over ground, True or Relative
S0OG: Speed of target over ground
CPA: Closest Point of Approach of target
to own ship
TCPA: Time to CPA
BCR: Bow crossing range of target
BCT: Bow crossing time of target

Figure1l3 ARPA display, Guard Zone and Target's informatiBaruno, 2004)

Yet ARPA system has reduced the workload of the manual plotting, and thus, allows the
OOW to accurately predicts the developed scenario of conflict situations with other targets.
However, this is still not enough to prevent maritime accidents. This isodilne lack of
experience for optimally adjust the ARPA display system (layout of the screen, gain, clutter
and tune) by the OOW, which lead to even misperception of the situation or misdetection of
all targets. Moreover, the ovegliance on the systermad the ignorance of the alarms and
alerts or acknowledgement without investiggtabout the cause of the alarm. Additionally,
the overconfidence behaviour of the OOW in the ability to manoeuvre the ship leads to either:

critical situation (misjudgement tie situation) or the violation of the regulation (COLREGS).
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With regard to the weaknesses of using the ARPA system, it is related to the accuracy of the
information and the alerting techniques of the system. For information accuracy, the system
mainly depends on the echo that transmitted and then received back if it hits targets, and these
echoes affected by weather and climate elements that can sometimes impede the reception of
the signals, such as; rain, sea condition and humidity. Also, the detextgscan affect the

accuracy of the ARPA system in targets detection.

For alerting related weaknesséss required by theiserto enterthe desired parameters in
order to get the necessary alerts that are related to collision situation with other targets, such
as; the minimum CPA and detection rangereover, the inefficiency of target monitoring,
where targets can be lost duethhe we&k echo or the abovmentioned weather conditions.
Thus, if a target is lost, the ARPA system stpgviding alerts about it even if it has appeared
again on the screen until the OOW manually acquire the target. Although the ARPA system
gives an alarm if garget is lost, that alarm is usually ignored by the OOW for the boredom of
the frequent unnecessary alarimom the system.

3.5.5 Electronic Chart Display and Information System (ECDIS)

The primary purpose of the ECDIS is to enhance the navigational dafetigplayng all the
essential information on paper charts in an appropriate way to support the OOW in conducting
safe and efficiet navigationaluties Figure 14) (IMO, 2006, IHO, 200). Moreover, ECDIS
should reduce the navigational workload by replacing the traditional paperwork of; route
planning, route monitoring and position plotting, to an electronic method performed on ECDIS
(Pillich ard Buttgenbach, 2001, Jie and Xiahong, 2008)Also, it should have the ability to

be connected and integrated to all navigational equipment on the bridge (ARPA, AIS, Position
fixing system, Gyro compass, Speed log and Echo sou(ilae et al., 2014d, IMO, 2006)
Moreover, ECDIS should provide a clear presentation of all the informatiothth&@OW

needs to maintain a safe navigational wgt®tO, 2006) In case of a connection failure, the
ECDIS system must raise the alarm or indication about the failure to alert the(Q©¥ghd
Xian-Zhong, 2008) The displayednformation should have the same quality of information
and presentation on the paper charts, with the ability to update the electronic charts up to the
standards of the Hydrographic Offii&O, 2006)

The ECDIS system provides the main features of route planning, moniarthgoyage

recording to assist the OOW in maintaining safe navigational w#tch, 2010) For raite
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planning purposes, the system must be able to add delete and change waypoints in an effortless
manner to plan the whole voyage with an indication of dangers objects and prohibited areas
(IMO, 2006) Additionally, ECDIS can display the whole planned route for monitoring
purpases to plan ahead or check the ship performance on the planned route, with a single action
to go back to own ship position on the disp{yO, 2010, IMO, 2006)Finally, the ECDIS

sygem records the whole voyage information (Positions, heading, time and speed), and these

records are protected from any changes for investigation redbtDs2006)

ECDIS alarms and alertdMO, 2006)

1 Alarm if approaching depth contour line and prohibited areas.

1 Alarm if any connection or navigatial information are lost.

1 Alarm for a specific time or distance set by the OOW.

Figure14 ECDIS displajFuruno, 2017)
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The main weakness of the ECDIS systetheé requiremet of manual input of the parameters
to enable the system fromaiging alarms. These alarms are selected by the OOW with its
features of distance, depth and tirktareover, if the OOW acknowledge the alarm and takes
no action to avoid a dangerous situatittre ECDIS systerdoesnot raise the alarm again and

it does not provide any alternative actions to prevent accidents from happening.

3.5.6 Global Positioning System (GPS)

A satellite means to determine owbosepamiep6s po
GPS antennas and display units on ships, and it feeds all navigational equipment with the

shipbébs position.

3.5.7 VHF for external communication

The VHF is the external radio communication method with other ships and shaseAihse
shipsare required to keep monitoring channel 16 all the time, which is used for initial
communication and distress callet, VHF communication is not an ideal solution for
accident prevention in critical emergency situations for the high risk of misundeéngtamdi

wrong addressing of conversations.

3.5.8 Echosounderand shi pés draught

The Echo sounder is the depth Ths&sshasoerceent de
where the OOW get to know the available water depth under hisT$t@pnain weakess of

the echo sounder is the lack of proper integration with other navigational systems to operate

as an accidents prevention methaodainly for antigrounding alerts. Where the proper
integration of the echo sounder this could be of great benefitsrtated OOW about the risk

of grounding.

3.6 Comparison of Collision avoidanceprocedures betweerthe
aviation industry and the shipping industry

Thissectionprovides a comparison between the aviation and maritime industries in the context
of collision avoidance. Thus, it focuses on the regulations, operational practices, techniques
and procedures in both aeroplanes and ships for collision avoidance. Due to safety and

technology advancements in the aviation industry, advancements in raviatiorevent
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collision avoidance can be implementedships to develop better situational awareness and
improved navigational watch. This study reveals the shortages in the maritime industry and

helps to adopt new safetglated enhancement to reducerikk of collision.

Generally, the (OOW) ehoard shipsireresponsible for all the decisions that need to be taken
in the navigational bridge. Consequently, this requires an immense amount of data analysis;
moreover, this data is located in various |lamasi on the bridge. Yet this can cause a work

overload for the OOW that may lead to human errors and lack of situational awareness.

Conversely, aeroplanes have the Traffic Alert Collision Avoidance System (TCAS), which

alert the pilot about intruders indtlvicinity and provides the best action to avoid collisions.

The TCAS system is an independent system from any other navigational system or ground
station, and it is the last measure for +aid collision prevention.In this section, the

operational procades of the TCAS system will be discussed briefly and later on in chapter 5

the technical details of the system will be expgdgiim more detailsOn the other hand, marine
navigational aids are available and utilised on ships, but they are all information systems where

the OOW needs to process and decide the actions. As a result of this, and to enhance the
situational awareness as well as the natiggal safety, it is foremost to regulate the
information flow in ships6é bridge, especi al l

collision and grounding situation.

In addition, it is essential to develop the automation of tasks and desigiport systems to
reduce the navigational workload. Accordingly, this comparison exposes significant
deficiencies in marine navigational procedures. Nevertheless, it provides solutions to improve

maritime safety by implementing some of the applicableiavigrocedures and technologies.

3.6.1 Collision Avoidance Procedures on Ships

In marine navigation, the OOW is the only responsible navigator for the safety and
manoeuvrability of the shifDemirel and Bayer, 2015, Cockcroft and Lameijer, 2012b)
Additionally, is the availability of Loolout person, who only provides assistance in external
watchkeeping for targets and danger detecti@@ockcroft and Lameijer, 2012b)
Accordingly, the OOW is the only person responsible for monitoring all navigational aids and
decision making on the bridge. Nevertheless, the number of navigational equipmeartioneed
be monitored for data extraction is excesgRietrzykowski et al., 2016Moreover, they are

all information systems that only provide data, which needs more processes and atitenpret
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to ensure the usefulness of it to conduct a safe navigational (iaetizykowski et al., 2016,

Jie and XiarzZhong, 2008) In general, for regular navigational duty, the OOW should be

aware otthe weather condition and what weather to expect for better awareness about the ship
performance. Then proper monitoring of the execution of the passage planning, which usually
happens by monitoring the ECDIS sysd(#m, conm
available), and crosshecki ng shipébés position by any av
bearings and ranges). Al so, the shipds perf
speeds) needs to be monitored to ensure excellent engine conditidtie weather impact

on t he s hi.Ddriag alinad thig coatinues listening of VHF radio communication

is required to communicate with other ships and shore bases. After this toeit@oid targets

monitoring to detect any object or targets abtire ship. This task requires a visual lamk

with the support of the loskiut person, plus the ARPA and AIS systems (AIS integrated with

ARPA) for targets detectiohMO, 2004) Once a target is detected on ARPA, the OOW needs

to acquire it to get its navigational information, and based on this he can assess the collision
situation (Furuno, 2004) In general, the OOW first look at the CPA to assess the risk of
collision, if it exists, then evaluation to COLREGessential to define the collision situation

and the Givavay and Stanen vesselgWang et al., 2010)Then the DCPA and TCPA are

used to decide the best time to manoeultether discussion about tla@tomaticcollision

avoidance modelwill take place in se@n 3.7 below.

3.6.2 Similarity and Differences between Aviation and Maritime in the
Context of Collision Avoidance

3.6.2.1 Collision Avoidance Regulations

In general, all transport modes have developechnologically over the years. The
advancement in technolagi allowed the rapid growth of sizes, capacities, numbers and speed
of fleets, whethethey areaeroplanes or ships. In this manner, it becomes vital to have reliable
means of traffic management in order to avoid any kind of accidents. It is worth mentioning
that the maritime industry is the oldest mode of transport which started long before hogt met

of electronic communications. Obviously, the common seamanship practices were acting as a

regulation to control the navigational duties and responsibilities.

On the other hand, the first aeroplane was invented in 1903 by the Wright brothers, and the

first commercial aeroplane in 1914, which had been in operation for just four months
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(Frommelt, 2016) Commercial airlines started to flourish in the 1950s, just over a hundred

years after the firgtaritime collision avoidance regulation entered into force. That allowed

the aviation industry to become more advanced and better equipped electronically. Yet, the
aviation sector does not have any manoeuvring regulations or rules to advise the pilot how
best to avoid other aeropl anes; they rely o
collision, as the pilot decides the best action to (&keé\, 2011) Additionally, they have the

Air Traffic Control (ATC), who manage air traffic all the time, for the duration of thghfli
(EUROCONTROL, 2016)

In maritime navigatin, all collision avoidance manoeuvres are made based on the Collision
RegulationsCOLREG(the Rules of the Road). The COLREG consists of 38 rules and divided

into five sectiongCOLREG, 2017)Section B is the one related to steering and sailimg fr

rule 4 to 19COLREG, 2017)Although these rules hetp managehe maritime traffic and

to advise every vessel about the collision avoidance manoeuvres that need to be taken in every
situation, it did not stop accidents from happen{nd. u g i | and . Hspeciatlyg , 200
nowadays, the traffic densityasdhi ps®é speed has increepthed sig
study of the COLREG, we found a number of issues that can cafisggleand confusion

for the OOW. For example, the subjective nature of the rules, where it does not inform the
OOW of the speific action to take, instead leaves the decision to OOW to dec{@=Icher,

2002) Stranks has mentioned the issue of risk perception, where some people may see a
situation as very risky, and some others see the same situation gStsafis, 2007)

However, this leads to a hesitation in decision making, especially in applying rules 16 and 17

&he Giveway and Stanan vessels In rule 17, the Standn vessels required to maintain

her course and speed, and rule 15 states thev@iyeressel should take the avoidance action.

Though, if the Givewvay is not taking action or her action alone is insufficient to avoid a
collision, then the Standn should take thbest action to avoid the collision. In this case and

based on the risk perception principle, the OOW will face difficulties in deciding the best time

to take actions. Yet, COLREG state that the actions should be taken in ample time, again it

does not spefy the best time to manoeuvre.

In aviation, where they do not have manoeuvring regulations, the decision is left to the pilot
to avoid collisions. In addition, there are two collision avoidance barriers, the ATC and TCAS,
pl us eama faschniguk.drhus, the air is being controlled by the ATC ground station,
and the pilot is visually monitoring the traffic to avoid any conflict situation. Finally, as a last
measure, the TCAS system, which alerts the pilot about intruders in the vicinipyadies

the best avoidance action in conflict situations.
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3.6.2.2 Collision Avoidance Systems; Operation and Techniques

The aviation industry has succeeded to develop an automatic collision avoidance system which
helped enhancing the flight safety significartiyreducing the risk of a midir collision. The

TCAS system is the last barrier of mitigating the risk of the-amictollision, and it works
independently without interference from ATEloneywell, 2004) In essence, the TCAS
system alerts the pilot of any potential raiid collision in two consaggnce steps: firstly, the
Traffic Advisories [TA) to alert the pilot about any intruder in the vicinity and to be ready for
the avoidance manoeuvres. The TA is generated828econd before the Closest Point of
Approach CPA(EUROCONTROL, 2016) Secondly, the TCAS generates tResolution
Advisories(RA) to provide the pilot with the best avoidance action. The RA is generated 15
35 second before the CPA, and the pilot must respond to the RA order immediately
(EUROCONTROL, 2016)The RA advissthe pilot to adjusts the vertical speed to avoid the
collision, whether to climb up, descend or maintain theicadrlevel ( EUROCONTROL,

2016) One of the mostobust techniques of the TCAS systenthis coordinated decisions
(EUROCONTROL, 2016)Briefly, the TCAS keeps sending interrogation signals, when a
TCAS fitted intruder receives this interrogation, it sends a reply message back (this message
has information about the intruder, such as altit{@&JROCONTROL, 2016)After they
exchange messages containinprmation between aeroplanes, the TCAS computer unit
(which is responsible for the surveillance, tracking intruders, avoidance manoeuvres and
issuing the advisories) coordinate the avoidance manoeuvre with the intruder and come out
with complementary dasions for both aeroplanéSUROCONTROL, 2016)In addition, the

system keeps monitoring the execution of the manoeuvres every one second, in case the first
RA is not enough to avoid the collision, it issues another RA, or it can issue a reversal RA if
the other aeroplane is not respondiB ROCONTROL, 2016)

In the maritime industry, there are no Bugystems which support the OOW in collision
avoidance decision making. Hence it is all information systems, which means the OOW needs
to collect all the navigational information, from various sources, to build up an adequate level
of situational awarenegBietrzykowski et al., 2016As a resultDOW should monitor various
systems in different screens and locations, no matter what the level of integration on the bridge
is. For collision isk assessment, the OOWéeds toextrad information from ARPA and
ECDIS (two separate screerfbladnett, 2008, Pietrzykowski, 20). However, he still needs

to be fully aware of other vital aspects, such as Anemometer for weather conditions, Echo
sounder for depth, Paper charts, GPS and GMDSS (Communication system). Constant

monitoring of all this equipment is an exhausting taskinly when the devices are located
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away from each othdiHetherington et al., 2006Dn top of that, he still needs to assess the
situation and decide the bestoidance manoeuvre, based on the COLREG (#ekher,

2002) This high information flow in such critical situations is hazardbuaddition tothis,

the possibility of equipment failure and humfastorssuch as stress, fatigue, mental health

and midnterpretation of the situatiowill adversely affect the avoidance manoeuviess

evident that a combination of all these factors is increasing the number of elements need to be
processed by the OOW, which increase the chance of human errors thiat deaidents
(Chauvin, 2011, Hetherington et al., 2006, Hadnett, 20@8jeover, the limited coverage of

the Vessel Traffic Management Services VTMS and its limited authority onotlorgrthe

shi psdé navi gat i o (Pieteykavskin20hQpwalwnet pravimé the rhugh

required interventions to avoid collisions

3.6.2.3 Collision Avoidance Procedures, Actions and Responses

The most significant benefit of the TCAS system is the enhancement in situational awareness
by akerting about the conflicting traffic in the vicinity and the collision avoidance manoeuvres
(ICAO, 2006) Heraunder are scenarios of collision situations in air and sea to make a

comparison between safety levels of navigation in both industries.
3.6.2.4 Scenario 1, Air collision Situation

Looking at the principle rules of separation in aviation, firstly AieC is resposible for

aeroplane control on the ground and in the controlled airspaces and as advieedntralied
areafEUROCONTROL, 2016)its responsibility is to prevent collision and ensure separation
between aeroplandEUROCONTROL, 2016) Then deamndt Mev oi Sl princip
the pilot sees the other as a threat, have to avoid it in the best mantmeavoid a collision.

Finally, as the last resource of collision avoidance is the TCAS sy&EROCONTROL,

2016)

The essential operation of the TCAS system starts when the TCAS issues the TA to alert the
pilot about an intrude¢CIRCIU and Luchian2014) The TA helps the pilot in the visual
acquisition of intruders, preparing him to respond to RA if the risk of collision €kiat&,

2011) Once the RA is issued, the pilot needs to respond immediately, if the given manoeuvre
does not endanger the safety of the aamg(EUROCONTROL, 2016)The pilot needs to
respoml to the TCAS decisions, even if he cannot visually see the intruder, and he should not
manoeuvre in the opposite direction of the BAJROCONTROL, 2016)It could be the case

that the pilot is unaware of the intruder in general or it could be another intruder that the TCAS
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is providing an avoidance actighan the one the pilot seeSUROCONTROL, 2016)The

RA provides the pilot with the required vertical speed to avoid the collision, whether to climb

or descendEUROCONTROL, 2016)In addition, the TCAS keeps monitoring the situation,

to ensure safe manoeuvres are conducted and if the situation arises, to provide a change in the
vertical speed or to verse the manoeuv(EUROCONTROL, 2016)

3.6.2.5 Scenario 2, Marine collision situation

In Maritime, the primary and first method of collision risk assessment is by taking a frequent
visual compass bearing; if the bearing is not changing, that means the target ship is on a
collision course. The next niedd is the radar, helping especially in restricted visibility.
Finally, the ARPA system makes it much easier to assess the collision situatalougting

the Closest Point of Approach CPA ant the Time to CPA (TCPA).

In typical operation, the OOW neettsmonitor the ARPA system to detect any target in the
vicinity, in addition to the constant visual lookout (with the support of the Look Out watchman

if needed). When a target is detected, the Og¥fét he t ar get 6s i nfor mati
on ARPA (whch is integrated with the AIS system), and based on the CPA he decides if a risk
of collision exists. If the target ship is on a collision course, the OOW needs to evaluate the
situation, based on the COLREG rules, to know which ship is the one to givéf Wwasy the

own ship, then he needs to keep clear of the Stangessel. A change in course is more
favourable than speed in collision avoidance situations, as it is more effective in close quarters
situations, has a rapid effect on the ship and motieeable to other shifg€ockcroft and
Lameijer, 2012d)However, the OOW needs to follow the COLREG rules in every case of
collision situation, Crossing, Heah or Over Taking situations to pass in a safe distance from

the target ship.

On the other hand, if the other ship is to give way, the Stanckssel should keep her course
and speed. If the starmh vessel finds that the one giving way is not taking an appropriate
action to avoid the collision or her action alone is not enougin the standn the vessel

should take the best action to avoid the colligidackcroft and Lameijer, 2012d)

Additionally, the water depth is an essential factor in marine accidents, causing grounding. In
general, the passage planning is created before the departure, and all the routes are checked to
ensure a safe passage f orideratibreall teetwaygo,theariivalh s hi
point. However, in the case of avoidance manoeuvres which need an alteration from the
original route, the OOW must check the availability of sea room around the ship to avoid

shallow water and grounding accidents.
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Tabe 3 provides a comparison summary between the aviation and maritime collision

avoidance procedures.

Table3 Table of comparison between TCAS system and the Ships Collision Avoidance

TCAS

Ships

Collision AvoidanceRegulation

No regulations or rules for manoeuvres a
action to avoid a collision

Avoidance manoeuvres are regulated by
Rules of the Road, COLREG

Collision Avoidance Systems; Operation and Techniques

Decision support system

Information systems only

Automatic coordination between aeroplar
for complementary decisions

No coordination between ships

The system keeps monitoring the situatio
to ensure clarity of conflict passage

No means of checking the situation and t
correctness of the OOW decisions. All lef
to the OOW.

The system provides the pilot with the ex
action to do with the magnitle of it for
collision avoidance

The systems provide the OOW with
information only; then he needs to take
actions

The decisions made based on the real ar
correct interpretation of the situation

Decisions made based on the interpretat
of the situatio by the OOW

One source of information in case of
collision

Too much information flow and sources &
the time, the OOW needs to observe whg
he needs

Automatic acquiring of targets and alerts

Manual targets acquisition, visual lookoult
no automatic akts

The interrogation and responding techniq
for target acquisition

Rada and visual lookout for target detect

Collision Avoidance Procedures, Actions and Responses

The pilot receives the collision avoidance
decision from the system

The OOW collect information and make
the decision based on COLREG

ATC managing and controlling the airspa

The OOW the only responsible person
about the safe navigation

If the systen issues an RA, the pilot need;
to follow immediately, even if an intruder
not acquired visually

Visual lookout is essential all the time;
ARPA and AIS are not enough for target
detection.
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Objective decisions based on the system| Subjective decisions based on the OOW
detections and calculations physical capabilities, experiences and
interpretations

After the abovanentioned discussion about tbellision avoidance procedures in botle th
maritime and aviation industries, which has shown a significant amount of information
processing and the lack of decision support mechanigimeiship, it is worthstudying the

topic of developing an automatic collision avoidance system to supportaWé i@ decision
making.This study should focus on the reduction of the amount of information processing and
the development of a system that is capable of helping the OOW in taking the best avoidance
manoeuvrdo prevent the collision at sea. Moreover, divéation techniques that angilised

to prevent the migir collision will provide importanand valuablexamples that can help
improvethe navigational safety and the development of suchutomatic decision support

systemfor shipping

3.6.3 Procedural Diagrams for Collision Avoidance in Aviation and Maritime
Sectors

The comparison between the collision avoidance procedures in aviation and maritime has
revealed several concerns in the maritime sector. Still, the diagrams help to spot the most
critical issues in the maritime procedures. However, by comparing maritime procedures with
aviation procedures, a significant improvement can be made to enhance situational awareness
and navigational safety as wellhese diagrameepresent h e  a unterpretatiénsof the
procedures in both the aviation and maritime industries from the following references
(Belcher, 2002, Acar et al., 2012, Cockcroft and Lameijer, 2012d, EUROCONTROL, 2016,
FAA, 2011, Honeywell, 2004)

Starting withthe diagram fothe aviation procedurefhere arehree independent collision
avoidance mesures available to stop mar collision from happeninffFigure 15). The ATC

is to control the overall aerospace and to provide separation between aeroplanes. Then the
ASee and Avoido technique by the pvoidanys t o
intruder by best actions. If these two barriers failed to prevent the collisions, then the TCAS
system is in place, which is an independent system and act as the last meaaio€atidion

avoidance.
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On the other hand, in ships, there ardawiers for collision avoidance, it all depends on the
OOW to conduct an efficient loedut to maintain a safe navigational watch with the support

of the navigational aidsand the implementation of the COLREG regulatiothd risk of
collision exists(Figure 16). Also, careful monitoring of all the equipment the bridge is
required Figure 17). Moreover ARPA is the system, which is used for targets detection and
to extract target sodé i nf oromabaids, meludinghthe ARPAt h el e s
provide the OOW with information that needs a farther process to build a decent situational
awareness level. Consequently, the OOW utilise this information to realise the encounter
situation, based on COLREG, then to deciue avoidance manoeuvre and responsibilities.
Yet, the navigational aids do not either; warn the OOW about threats in the vicinity, nor the
best avoidance actions.

The TCAS system, as the last mean of collision avoidance, works independently and
automaticly process all the encounter situation and information. As a result, the system warns
the pilot about threatening intruders in the vicinity to help in visual acquisition, and then
provide the pilot with the avoidance manoeuvre. However, the pilot onfisne@nmediately
respond to t he sy ai wlisiors. Whéreim rmaritime prazeduras,dhe mi d
navigational aids provide the navigational information and left the processes to the OOW,
which lead to subjective decisions. Due to this, alritinee decisions are based on the
perception and understanding of the OOW about the situation, which is bigidgptibléo
humanerrors. Thus, human performanaan be affected by marfactorssuch as; stress,
fatigue, tiredness, lack of experience oimfation flow, misinterpretation, etc. However, all
these lead to human errors. In addition, for the case of more than one target, then the OOW
needs to consider all targets and decide the best avoidance manoeuvre for all the targets.
Whereas in aviatiorthe TCAS system takes into consideration all the intruders in the vicinity,
then provides a complementary manoeuvre to avoid therital.colours in the diagrams
(Figures15 and 16) show the collision avoidance barriers and the level of automation in the
collision avoidance process in aviation and maritime industries. The red colour boxes represent
the collision avoidance barriers, whiahe unavailable for ships. Then, the green boxes that
mark the automatic process for collision avoidance proceduresllyf-ithe orange boxes

which are processes that require the OOW/pilot responses to avoid the collisions.
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3.7 Maritime Automatic Collision Avoidance Models

The growth in marinetraffic density ands h i p s 6 hasinpreased the demarnd find a
solution to support the OOW in the process of decisi@king for collision avoidance
manoeuvre. The most basic technidae risk of collision assessmemiasto plot several
compass bearirggn consecutivgeriods If the plottedbearing do not changeelativeto the
targetthenthesetwo vessels are aacollision courseThis requires aavoidancananoeuvrg

by one or both of the vessels on the collision course, to avoid the collision situation

It is ater World War llwhen the radar system became available and affordable for merchant
ships to be installed eboard. The primary purpose wasassist the OOW itargetdetecion
around the shiHowever at that time, the radar was only providing ezfi@ots on a screen
represents targets) without any information about these targets. theu®OW needs to
manually plot every target t@mbtain some information about the targehis was a time-

consuming processspecially ircongested maringaffic. Nevertheless,d assist the OOW in
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collision avoidance decision making, which wathhance maritime safetit is significantly
worthy of developingan automatic collision avoidance systéon ships In this section, a
critical review has beeoarried out abut the stateof-the-art automatic collision avoidance
studies and modelghis helps in developing a novel system that surnstive gaps in
previous studies and enhancthe collision avoidance procedures-board ships. The
structure of this sectiois as follows; first, it will discuss the research thas haen done on

the ship domain and collision. Then, theic of automatic collision avoidance system will be
studiedundertwo main parts; the automatic collision avoidance models and the path planning

models, and each one will be discussed in more detail below.

371 Shi pés Domain and Collision Assessment

It is essential to hava safety zone around every shipdetermire the risk of collision.This

safety zone is called the ship domain, which is defined as the area around the ship that the
OOW should keep clear and free of all the other ships and obst&besiwin, 1975,

Coldwell, 1983, Fujii and Tanaka, 1971, Tam et al., 200®ere are many factors on which

the captain decides the diameter of t he shi
manoeuvrability, traffic density and the navigational afajii and Tanaka, 971). The

diameter is varying from 0.5 NM ianarrow area to 2 NM in open sea areas, depending on

the captainbts assessment of the navigational

(Fujii and Tanaka, 1971% the firstauthor thatproposedd reshapg h e s Imaipfiom d o
being a circle around the ship to an ellipse shajith consideratiorof the previous factors.
Since then Fuijii ship domain has been the most important approach of risk of collision

assessmetfifam et al., 2009)

In 1975 Goodwimproposedinother shapir ship domain to be more favourable to COLREG,
she divided the ship domain into three sectors with the headline of the &igine baseline,
as followingGoodwin, 1975)

9 The starboard sector from 0° to 112.5°.
I The astern sector from 112.5° to 247.5°.

9 The port sector from 247.56 360°
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The main concepif this workis tomathematically calculate the distance of each sector of the
ship domain. With this in mind, the starboard side of the ship has a preference of a larnger safe
area where theOOW is responsibldor the avoidance actioto ships on his starboard side
(Tam et al., 2009)Moreover,in the stern sectopthe OOW is ho more responktfor the
avoidanceaction to any targets behind the shighen this sector hashe smallestarea
(Goadwin, 1975) The final sectorthe port siddias asmallarea as well, where the targets on

this side are responsibfier takingthe avoidance actiofGoodwin, 1975)

In 1983 Coldwell considered the ship domain in restricted afdeaes proposed domain is
similarto Fujii shape domaitHowever, he suggestédatin the headon situationthe astern
sector to beemovael, as it does not have any importance in sagituation. Moreover, in
overtaking situation Coldwell used the full shape tie ellipseto offer safety zone all over
the ship(Coldwell, 1983) The proposal of this work is unacceptable, due to the fact that in
thereal situation, the OOW should be awafeall the areasiround his ship. Encounter with
more than one target at the satinge requira a full situational awareness about all targets in
thevicinity.

Pietrzykowskiin 2008, introduced the fuzzy logic to determine the shape and size of ship
domain for open and restricted wat@rgetrzykowski, 2008, Pietrzykowski and Uriasz, 2009)
The main feature of his model the ability to learn from expert methods and artificial
intelligence toal This will help in decidng the optimum domain shape and size with
consideation of all the factors thathave an influencen the decisionsuch asthe weather
condition visibility, sh i pspeed, length,te (Pietrzykowski, 2008, Pietrzykowski and
Uriasz, 2009)This studyhas a gnificant limitationwith regards tahe implementatioof the
model which is the time required to assess if collisiskiexists or not. This assessment time

is considerably long and is insufficient for the purpose of collision avoidance due to the shape
of the safety domaifellipse shapeBecause othislimitation, most otheother studies prefer

to use the DCPA and TCPA approach to assess the collisiodugsto the simplicity of the

mathematical calculations.

Finally, the Closest Point of Approach CRppears to bthe most utilisedmethod to asess
therisk of collision Also, based on the CPA and TCP#e OOW evaluate the collision
situation anddecide the avoidancaction and timgTam et al., 2009)In this processwo
parameters are required in ordeassess the collision situation accuratéie Time to Closest
Point of Approach (TCPA) and the Distance to Closest Point of Approd€@CPA)

(Pietrzykowski et al 2010, Tam et al., 2009 the pastthese parameters were calculated
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manually using the radar to locate the tartfegs manually plot it on the plotting sheet, which
used to bea time-consuming process, until trecisionis reached Nowadaysthe ARPA
systemautomaticallyprovidesthe necessarinformation where theOOW needs to collect it
and make the avoidance decision based &ulitconsideratioris given to theo ship domain,
where no targets or obstacles are allowed to breach the ddisi@incewhich isdecided by
the captain or the OO\(Pietrzykowski et al., 2010)

3.7.2 Autonomous Navigational methods

The research for automatic collision avoidance systems started in the 1960s with the
introduction of new technologiest+boardships (radar and GPS). At that tintiee focus was

about finding the potential position of the collisi@m an encountelsituaton between ships

(Tam et al., 2009)However,avoidancedecisiors used to benade by the OOWbased on

basic informatiorobtainedrom the radarSince tre 1960auntil today, manynavigational aids

have been introduced droard shigAlS, ECDIS, ARPA and GPSYet,they are information
systems only and the OOW needsrake theavoidancealecision to avoid collision at sea

where the main functiorf ¢the navigational aids is to computerise the calculations and provide
the information to the OOW to make the decisifPietrzykowski et al., 2014)

Nevertheless, the issue of automatic collision avoidanoenaining unsolved, wheneany
theoretical solutiomareavailableas conceptdyut not yetested animplementedasa reliable
model.Moreover, die to legal issuesf defining the responsibilitiesetween vessela case

of collisionbetween autonomous shiffimancial issuesas insurance companies cannot blame
automatic systems for accidentg) became unfeasible to apply fully automatic collision
avoidance systems dioardshipsyet (Tam et al., 2009)Therefore, the topic of autonomous
vessels is actively under discussion on IMO agenda under the maritime safety committee.
However, until the IMO provideslear guideline and regulation about the implementation and
operation of the autonomous vessels, it is more professional to call it a decision support system
for collision avoidance. In this case, the OOW receives the collision avoidaciségons from

the systemthenapply it to the ship control.

Considering the previous models of automatic collision avoidance, it appears that nearly all of
them were using the principle of safe ship domain for own ahdiarget ship to assess the

risk of collision(Tam et al., 2009, Szlapczynski, 2006b, Pietrzykowski and Uriasz, .2009)
Moreover, the research on automatic collision avoidance models can be categorised in two
groups either(Tam et al., 2009, Statheros et al., 2008)
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9 Collision avoidance models (solve coofl between vessels only)

9 Path planning models (optimum solution to avoid collision and return to the original
track).

The collision avoidance models were widespread bef@@990s Thesewere more about
solving collisionproblembetween two vessets avoidingthe most dangerous targétsthe
vicinity (Statheros et al., 2008After the 1990sthe path planning models becamere
recognised due to trdevelopment in the technologies andwhde use of computesystems.
Moreover, this approach was divideddanwo footpaths;a deterministic approach or a
heuristic approach (mainly after 200Q0%am et al., 2009)

In generalthe collision avoidance modeisere more abouyiroviding information to solve the
collision situation(Statheros et al., 2008ased on the COLREG regulatigtise ships were
involved in collision situation astandon vesse(maintain course and speed) angivee-way
vessel (take avoidance amt) (Tam et al., 2009)The category of collision avoidance models

usually povides the following decision for collision avoidance manoeuvres:
1 Course alteration (Port or starboard).
1 Degrees of course alteration.
1  When to alter the course.

1 When to come back to the original track.

In the path planning modelsnore complexsituations were solved. €semodels provide

more critical suggestion, such @aie et al., 2009)
1 Thelevel of dangerousollision situationbased on the ship domain.
1 Provide theoptimum solution t@void collisionsituation (shortest track for example).
1 The minimum avoidance action to pass clear from the target ship

1 Provide manoeuvres that comply with COLREG.
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3.7.2.1 The automatic collision avoidance models

Rafal S4dapczynskihas introduced a number oésearchpapersrelated to the topic of
automatic collision avoidance modeishich are discussed belowis work is of interest as it
shows a variety of methods and different area of application (Ships, Vessels Traffic Serveries
VTS, Traffic Separation Scheme TTS anstrieted visibility), as well as the development of

his methodsconcerningthe availableliterature.However, in these studies, the author was
focusing on solving the collision problem, how to calculate the avoidance decisions, without
great attention tchie human capabilities and the implementation of the developed system on
real navigational bridgelhus, no methods for datharing and decisieacknowledgement
where introduced in these studies to enhance the situational awareness and sharing the same
mertal model were proposed. Additionally, the developed systems have not been tested on
navigational simulator or real ships to evaluate the implementation procedures and testing the

human performance when such new system is utilised.

(Szlapczynski, 2006aroposech new method for ship trajectories and collision avoidance on
raster grids with extra safety margins and turning penalties to minimise the number of turns
and time spending for trajectories. In general, the rasteramedsed to provide the best route
from the starting point to the destination without colliding with any obstatk® sea. The
principle of raster gds based on an algorithm usegtovidet he shi pdés route on
where no other ships are allowed to be in the same cb# aatme time. Moreovdn increase

the safety margin, nshipsare allowed to be in the cells around the own ship for a distance
defined by the user (safety ship domain). However, if another ship is located in a collision cell,
the system assesses theadion todecidewhich the giveway ship isIf the own shigs the
give-way, the systenrecalculateghe avoidance manoeuvre tvoid the target ina safe
distance. Alsp Szlapczynski added penalties on turns for route calculation to avoid

unnecessarglissanceandtime in the providednew route

(Szlapczynski, 2011) nt r oduced another met hod of ship:
avoidance manoeuvres by utilising a technique calfie€Ev ol ut i o n aSafy Set s
Tr aj e c tTher riew spproach is combining the concept of game theory with the
evolutionary programming technique. The main advantages of this appredctovercome

the longtime of computational calculation in the game theory to determine the avoidance
trajectory This isto allow the model todeal with changeableargetsparameters, as the
evolutionary method (which uses genetic algorithm) is alwaysingss unchangeable
parameters of targets. This method is able to calculate a set of trajectories for all targets

involving in an encounter situation, instead of own ghily avoidng all targets. Moreover,
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it does not allow any ship domain violation, withl consideratiorof COLREGS regulation

for the provided trajectorie¥his methodorovidesoptimum route planning for all shijis an
encountesituation From the time the system detects a risk of collisietween shipantil all
shipspass cleafrom each otherFurthermoreif one of the ships changes its parameters, the
system will recalculate the trajectories gmdvide newsolutions for all ships. In regard to the
low computational time, it is applicable for ships and VTS as well. After additional
investigation and farther studies on the evolutionary mechayitsappears that it needs more
improvement to support the optimisation technique and shorten the calculation tafasfer

solution(Szlapczynski and Szlapczynska, 2012)

For the extension of thabovementionedmethod, which is suitable for open water and
restricted areas. The authors have introduced rule 1ed€OLREGs (Traffic Separation
Scheme) to th previous mode(Szlapczynski, 2013)Basically that allows the model to
provide safe ship trajectories to proceed in the TSS with compliance to COLREG rule 10
(Szlapczynski, 2013)

As a continuation of th&kafal Szlapczynskresearchthe criteria ofrule 19 (restricted
visibility) of COLREGSs has beesppliedin his previous mode(Szlapczynski, 2015)This
rule stateshat anycourse alterationtthep or t si de for all targets s
beammust be preventedunlessin an overtaking situationAlso, it restrics any course
alteration toward targets spotted abeam olirmbAbeam(Szlapczynski, 2015However, all
these consideratiorsse modifiedinthéd Ev ol ut i onary Sead st ofc &lad el A

the optimum trajectories in restricted visibility.

(Szlapczynski, 200&eported a new method to solve the problem of rtattiets avoidance
manoeuvres. The normal approaxithese kinds of manoeuvres is usuatiyavoid the most
dangerous target firsthen the less dangmis ships come afteAs a result, the normal
approach has mamgourse alterationswhich is unsafe, unfeasible and longer in time and
distance. The new athod utiliss optimisation algorithms to calculate the best course

alteration to avoid all targe{Szlapczynski, 2008)

(Szlapczynski, 2009)rovided two methods of emergency planninguaidance manoeuvres.
The first one is for monitoring thgive-way vessel if it does not start to take avoidaacgon
beforeit is a critical situation. The system calculas¢he probability ofgive-way vessehot
taking actionthen providea new trajetory for the stanebnto avoidthetarget. However, the
OOW does not have sufficient time to evaluate the new trajectbigh introducs therole

of the second metho@his methodorovides a visual display of the dangerous zones of other
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shipés domain, and all ow the OOWSzlaprzymsk,si | y s
2009) The second method uses the Collision Threat Parameters Area CTPA approach to
calculate the forbidden aredkhis allows the OOW to choose the best course and speed to

avoid the riskof collision. (Figure18) showsthe suggested display for this model, where the

white areas are the safe destination for manoeuvre. However, ilifeesdenarios, when
navigatingin acongested traffiar e a, t he mode | 6wth dhngerqus aaepas wi | |
(black) and thiswill introduce more complication to the OOW todithe safe area to
manoeuvre. Moreover, this model has been suggested for emergency manoeuvring decision
support systerthus, in critical situationghe OOW will be overwhelmed to recognise the

situation and select the best action to avoid the collision situation.

Figurel8 Emergency planning avoidance manoeuv&zlapczynski, 2009)

(Szlapczynski and Szlapczynska, 20k#)oduced a new technique for visualising collision
avoidance manoeuvres, whitlased on the CTPA principle ienart, 1983)to find the

collision threat areas with other shipShe new technique comipbs with COLREGs
regulations(Szlapczynski and Szlapczynska, 20143 a result of this technique, it became
straightforwardfor the OOW to decide the avoidance manoeuvres, which are COLREGs
compliant manoeuvres. Basically, it depends on colourdefme the navigational areas

Whereas, the light blue is for the COLR&G®orbidden ared he red is a dangerous area where
thecollision will take placeTh e pi nk ar e a ivislatibnfarea os diosepd@ssingd o ma i
distance Finally, the white area where is the safe area to navif@mapczynski and
Szlapczynska, 2015)his helps the OOW to find safe manoeuimg areawithout violating

COLRGEsS rules. Moreover, in order to help in deciding the value of new course, speed or
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both, every pixel on the display unit is assigned with a course and speesd tvedo allthat

it needs is to move the pointer to the desired area and read out the new course antlisheed
allow safecollision avoidancé the white areajSzlapczynski and Szlapczynska, 20IB)is

new method will help the OOW in decision making and obeying the COLREGS rules in an
easy mannerFigure 19 is an illustration of the visualising display method forlis@n

avoidance.

Although, Rafal Szlapczynski has developed models that have covered a variety of
navigational situation and they have been illustrated thoroughly, yet, they have not been tested

in shipbés navi ga tealchipdol validate ritsu dperdtian rinsnavigational n
situations. All the suggested models have been tested in coryast simulator software

where they havehown satisfying results, but the compttased simulator cannot test the
capabilities of the models in restenarios when operating by OOWSs. Moreover, the
computerbased simulatios capable of validating thaccuracyof t he model s6 <c a
and outcomes, but this does not test the opegdticapabilities in navigational situations.

However, these tests did not providecenplete resulthat test the improvement in the OOW

performance when utilising such models.
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Figurel19 Visualising display method for collisipavoidance, (Szlapczynski and Szlapczynska, 2015)

(Perera et al., 2009proposeda decisionmaking system for collision avoidance in ocean
navigational areag he systenappliesfuzzy logic to analyse the navigational information of

both own and target ships. Aftdre collision risk assessment of the conflict situation, the
systemevaluateshe COLREG regulations to define the responsibiligyween the vesséls

a collision situation. Then if own vessel is thegive-way one, the system provisi¢he
avoidance manoeuvre by either, course and/or speed change with respect to COLREGs
regulation(Perera et al., 2009However, thalecisionmakingsystem still needs more studies

and experiments to be able to asghesnore critical situation in other navigational areas.

(Perera and Soares, 2012b, Perera and S@&&Ba)ntroduced a method to identify the risk

of collision andhearcollision situation, by measuring targets and own girgdative motiois
(Parameters; course, speed and track). In order to calculate the relative motion, this method
uses the Kalm@n filter algorithm, which israalgorithmusedfor the calculation of estimations
(Perera and Soares, 2012Whereas the normal Kalman filter is only able to deal with linear
systemsHowever, the Extended Kalman filter is used to overcome this limitation and be able

to work with the nonlinear systemgPerera and Soares, 2012&his method is part of an
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Intelligent Navigation SysterfiNS), whichis designed by theameauthors to have@mplete
e-navigational systemThis systemis able to provide collision avoidance manoeuvres for
multi-targets in conflict situations. The INS system is designed in thresystdms; Vessel
Monitoring and Information System, Collision Avoidance Systeth\aessel Control System
(Perera and Soares, 2012bhe first system is responsible for target detection, monitoring the
vessels in vicinity and providese navigational information (speed, course, positiand

ext), where the detection dfierisk of collision method is paof this subsystem. Then, the
second system is responsible for the decisions and actions that need to be taken to avoid
collisions with multiple targets. Finally, the third system is responsible for autonomous control
of the own ship, where it receivelet avoidance decisioftom the second systenThe
avoidance manoeuvres arigangng in the course and/or speékthenthe system connexto

the control unit of the ship togive the rudder and propell@rderto execute the avoidance
manoeuvres. The INS dgsn basicallyappliesthe fuzzy logic navigational decision support
system, whichasexplained earlierprovide an autonomous vessebncept.This systemis

able to avoid collisions with multargets in more complicated situations with full compliance

to COLREGSs regulationHowever, this model has not been tested for collision avoidance
situation with multiple targetand no validation results available énsure its capabilities to
detect and avoid more than one targets.

(Perera et al., 2015pplied theabovementionedmathematical formulation of automatic
navigation and collision avoidance system in a real vessel niddehas been experimented

in a testing tank téind the effectiveness of the model in e situations. The experimental

model consists of the mathematical formulatiBnZzy logig and a physical system. In more

detail, ths combins the previous explained work of the authoas the mathematical
formulationswith the physical systeniThis modelis divided ino; the vessel model and a
Navigational and Control Platforrivloreover the Navigational and Control Model is the key

part of controlling the vessel and executing the manoeuvres. Furthethefdavigational

and Control Model iglivided irto; Hard Structure, which has the Command and Monitoring

Unit and the Communication and Control Urihdthen the Soft Architecture, which $the

Human Machine Interface and the Control system of steeridgpeed susystemdqPerera

et al., 2012) The experiment was conducted in theitgstank between two vessels, in many
navigational and collision situationslowever, the system was not able to complete the
provided avoidance manoeuvre due to a sudden change in own and target ships course and
speed because of wind awdvecondition inthe testing tank. To solve this problem a further
modification had to be made on the computational algorithns iomul at e t he t a

manoeuvreAlthough the results were promising, the system still nesale developmertb
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be capable of manoeurg andavoidng multi-targets ire conflict situation Additionally, this
experiment was conducted between two vesselsamyno results were obtained for multiple
targets avoidancé&inally, theOOW response to sudcasystemcould notbe measured, as the
testswere conducted in the tank. Thus, this experiment is acceptable to examine the operation
of the developed model, but it does not test the full implementation of such systevardn

ships to measure the OOW performance on navigatgittaitions.The nextdiagram(Figure

20) has been developed by the autfr@searcherjo summarise the wk of (Perera et al.,

2015) in the decisiormaking system for collision avoidance andelkperimental modelsing

the following literature (Perera et al., 2009, Perera et al.120Perera and Soares, 2012a,
Perera et al., 2010b, Perera et al., 2010a, Perera et al., 2015)
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(Wang etal., 2010)proposed collision-avoidance model that helps time decisionmaking
process to reduce the workload and stress level on the navigational Wascblaimsthatit

has the potential to eliminate or minimise the occurrence of human errors in navigational
decisions. Moreover, the model reduces the events of misinterpretation of COLREGs between
vessels ina complcated situation. In addition where COLREGs regulation povides
qualitative information onlythenthe OOW must decidehatcollision avoidancenanoeuvres
areneeded.This isdirectly related to th©OW perspective of the situation atitk evaluation

of the requiredquantitative decision The proposed model deteps a mathematical
formulation to solve three stages of collision avoidance protessirst stage is to decide if

the situation requires own ship to take action or not, based on COLREGSs regulation. This
decision is considered by calculating the Distato Closest Point of Approach DCPA then
compare it to the desired passing distance set by the .QQWé DCPA is greater than the
desired passing distance, no manoeuvredsired,if it is less, then the own ship must take
action based on COLREGs gaitte. The second stage is to decide wihaake the actions

thisis calculatedisingthe Time to Last Minute Action formula to give the OOW blesttime

to takeactions After thistime the avoidance actions by own ship alone will not be enough to
avoida collision. Alsqg the Time to Last Minute Action is useful ftite stand-on ship to be
aware when to take avoidance action, in case of no action is takendiyethweay ship, or if
heraction is not enough to avoaicollision. Finally,this the parbf the collision avoidance
decisiors, it is either, change in course (preferableyYand speed The model suggests the
avoidance manoeuvres quantitatively by giving the amount of course and speed changes to

pass the target ship in the desired passing distance.

(Liu and Shi, 2005)introduced a fuzzyneural collision avoidance model for ship encounter
situations thatare applying COLREGSs regulation on its decision output. The model is
combining the fuzzy logic technique with the neural network method. The fuzzy Idbie is
right approab for describing the knowledge amasalysng the information Also, it is useful

in transferring qualitative information to quantitative ones for computati®he. main
shortageof thefuzzy logic approacks the difficulties in modifying some of the fuits and

fuzzy rules. Nevertheless, the Neural Network methagsefulin learningand mimicking
nonlinear functionsechniquesYet, it is difficult to explain and read the information stoned

the network These reasons make it feasible to combine bwthods to have an intelligent
collision avoidance system, which is able to provide useful decisions with the ability to be

trained to solve problems. The outputs of the collision avoidance system are; the actions, the
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rate of turn and the time to condugtsuccessful avoidance manoeuvre with respect to
COLREG regulation.

3.7.2.2 Path Planning Models

(Tam and Bucknall, 2010)has introduced an algorithm which can provide an optimum
navigational trajectory to avoid muliargets in close range conflict situatiofiis trajectory

is compliantwith COLREGS regulations. The Evolutionary Algorithm has been applied in this
model fa its flexibility in the sense of changeable parametersvesselsinvolved in the
avoidance situationThis allows the algorithm toreassess the situatioif any parameter
change,and find an optimum solution that takesoirtonsideration the previousenarios
(Tam and Bucknall, 2010¥he main idea behintthis model is to find a safe area around the
target ship, which the own ship is allowedpass from Howe\er, the model is capable of
providing a noncompliant to COLREGs trajectories if tieumstances of the situation
require.On the other handt provides and executes the trajectories in early time to avoid such
a situation. Alsoto reduce the magnitud# the turning angle. The Evolutionary Algorithm
basically analyses multi solutions until it finds the most suitable onadavailabletraffic
situation. T h e cankigisof twio pahtsladsessment dhe dsk of colision
with other taigets using its relative position and headifilgen it provide the best trajectory

for the traffic situation. lmcomputeisimulation the model comsout with impressive results,

as itcan calculatéeasible and optimum solutions for almosttedffic caseswhile complying

with COLREGSs and the general seamanship practises.

(Lee et al., 2004)proposed a fuzzyogic-basedcollision and path planning model for
autonomous ships under COLREGS regulation satisfaction. The algorithm applied the Virtual
Force Field VFF method, which has been used bydadhe area of navigation and obstacle
avoidance by robots. The general principle of the VFF is to define the wanted destination
(waypoint) and that waypoint keeps attracting the own ship togiardhe modebetectshe
obstacle thensurround it by pshing forcefunctionto prohibit the own ship frormoving
towards it Thisallows it to pass in a safe distar{tee et al., 2004)However, the traditional

VFF method isnefficientfor moving targetsDue to tlis, the authors used a Modified Virtual
Force Field to have flexibility in providing track keeping and collision avoidance manoeuvres
with compliance to COLREGS regulations. The results ottimeputersimulation show good

capabilities in performing avoidanoganoeuvreshatsatisy COLREGsregulations.
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(Tsou and Hsueh, 2010ptroduced aollision-avoidance route planning model that uses an
Ant Colory algorithm to calculate the shortest and safest avoiding mano€Livea it
providesthe bestreturring decision to movéack to the original track. The model considers

the best seamanship practices, COLREGs and AIS information to calculate the avoidance
manoeuvres inreaktime. Also, the model displaysthe manoeuvreon Geographical
Information System GIS with other navigational information. The principle of the Ant Colony
Algorithm isthe same as the real ants when they try to find the shortest routeHeofood

source to their nesTo solve this, the antdepend on pheromones to lead them to the way
(Tsou and Hsueh, 2010ap this model it uses evolutionary computations to solve teak
collision avoidance problems. The model is able to calculate the avoidance manoeuvres based
on the following criteria;

T Minimum distance for the total manoeuvre.
T Minimum risk of collision
1 No breach of thesafety domain by antargets.

1 Providesavoidance decisions thaiclude the returning routs to the original track

without other conflict situations.

1 Minimum turning angles for avoidance and retdetisionswvith respect tahe safety

aspect.

The proposedmodel is capable of providing the followirdgcisionsfor collision avoidance
manoeuvres, in which it can reduce the workload in bridge operation and helps the OOWs in

decision making;
1 Collision risk assessment
I The best avoidancactions
I The last momeneforecritical situations.
1 Theavoidance decisior$urning angles).
1 The timerequired taeturn to the original track.

1 Theactions tareturn to the original track.
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Finally, thecomputesimulation results shogomeuseful planningo avoid critical situations.
This is helpful for understanding the scenario of collision avoidance in advance and the safety
criteria. Also, this allows the OOW to ensure the safety of the ship without performing

unnecessariasks, which reduce the sitiemal awareness on the bridge.

Some other researchudiesabout the topic of collision avoidantepic found very similar
resultsto the explained work above. However, to avoid the repetitiatisaiussingsimilar
approaches and topialso,to beable to cover all the available studies, fokkowing table

(Table4) has brieflysummarised the studies that are related to this research area.

Table4 Summary table for other avoidance models

Authors Models or| Model reasoning | Collision Avoidance
Techniques assessment decisions
(Xu, 2014) Danger Immung The capability to] DCPA, TCPA,| Course Change,
Algorithm solve single ang COLREGs and Course and spee
multiple problems| s hi ps 6 s| change,
(multi-targets dynamic data. Couse change
situations). and revers
engine.
(Perera et al.| Fuzzy logic Its formulation| Speed and courg Avoiding action
2011) based on humal of each vessel for Standon
thinking distance, DCPA| vessel if Give
techniques, which TCPA, other| way vessel doe
make it a human| targets, not take
friendly model environmental appropriate
conditions and action, by course
COLREGs. and/or speeq

change only (ng
crash stopping).

(Tsou et al.,| Genetic The abilty to| DCPA, TCPA and Find the shortes
2010) Algorithm  of | search for the | COLREGs route to avoid
Artificial optimum route to be collision and pass
Intelligent followed from safely until
many routes. geting back to
the original track.
(Xue et al.,| Artificial Its simplicity and| Safe distance t¢ Optimum route
2009) Potential Field| smartness in pass, COLREGY for collision
for ship route| mathematical and s hi p avoidance by
planning applications  and and dynamic data| course  changg
route planning. (speed change fa
emergency
situations)
(Zhuo and| Adaptive Fuzzy used tgq DCPA, TCPA,| Course changg
Hearn, 2008) | NeuroFuzzy analyse imprecis¢ Shi ps o6 and
Inference data to come ou information am | Time to take
System with actions. And| COLREGs. action
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neural network for
training purposes.
(Smierzchalski | Evolutionary The optimisation DCPA, TCPA,| Optimum

and Algorithm factor in selecting Static and| trajectory (route)

Michalewicz, (Evolutionary trajectories. Dynamic data. to avoid collision

1998) Planner/ and reach the
Navigation) destination

3.8 Discussion

The existence of navigational aids and systems has improved the navigational safety and
situational awareness dramatically. Howeveintitoducedother drawbackaboutthe aspect

of best seakeeping practices, which attract the attention of researchers and organisational
bodies.The issue of overeliance on systenmaaylead to deterioration of navigational skills

as a result of the poor performarfenavigational tasks where all the information is available

on the equipment. Nevertheless, the reliance on erroneous information from systems (loss of
signals, damage in equipment or systems malfunction), without checking the raised alarms,
until critical situation existavhich put the ship in a dangerous situation and can lead to
accidents Although all the essential elements in the bridge are designed with alarms and
alerting functions, still officers are acknowledging these alarms without investjgésin
reason. This is because of either; the workload or overconfidence of the 8ffANthe
intensive research on all the navigational aids, the result comes as following; all the
navigational aids, equipment and systems on the bridge, are informatitamsyonly.
However, the OOW is the responsible person for collecting, analysing and decisions making
to ensure the safety dhe navigationalwatch Therefore, these bring the importance of
developing an automatic collision avoidance system that supihat©OW in decision

making processeghis systemmustsupport the OOW in the following processes and tasks;
1 Information flow in the bridge.
1 Marnmachine interaction.
1 Automatic Coordination and Connection between ships.

T Remove the subjectivity and uncentyi of the decisions and help in decisimaking
objectivity based on the COLREG.
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For ships manoeuvrability and performance, the manoeuvring characteristics standards have
been introduced by the IMO to provide ship designers and builders with guidcsbioesthe
minimum requirement of ships manoeuvrability and performance standards to ensure safe
handling of ships. However, the information in the manoeuvring booklet considered being an
essenti al source of t he shi péshe mamgeaving!| i t i e
capability of every ship. For trdevelopment of anutomatic collision avoidance system, this
information should be considered carefullyin this case, the system will provide feasible
manoeuvres that the ship can perform. In additisriha coordination feature of manoeuvres

in the automatic collision avoidance system searches for the optimum manoeuvre for collision
avoidance for all ships in the vicinity. Thus, this information will be of goeagefitto allow

the system to considené manoeuvring capacities of every ship in order to provide the most

optimum manoeuvre for all ships.

At first glance into the navigational watch duties and collision avoidance procedures, it appears
like an easy and logical task. However, when all these processes are carried on at the same
time, in an areawith traffic density, they becomevery stressful and tiredness tasks.
Additionally, the amount of information flow at the same time is colossal t@aheiéd by a

human in such a stressful situation. Moreover, the navigational situation must be well
interpreted, and the navigational information should be perceived correctly to allow the OOW
to make the most appropriate decision. Indeed, the presertoe lofitman element in almost

every marine collision is not surprising when this tremendous amount of data processing is
required. Especially as the data sources are located in different locations and screens on the

bridge.

On the other hand, the alarms atelta in the systems are not efficient to act as a barrier to
stop the accidents. Firstly, some of the alerts on ARPA and ECDIS system do not function
automatically, where the OOW needs to enter values and set alarms. Thus, all these alarms are
to remind he OOW about crossing areas or-gegermined locations. Secondly, some alarms
about the loss of single onultiple targets where they go off very frequently even the
unimportant warningareignored by the OOWnN general, no alarms are intendedleytehe

OOW about dangerous or collision situations. However, the OOW should process all the

information from the navigational aids systems to assess the situation.

The above comparisobetween the aviation and maritime industriegs shown that
technological advancement, collision avoidance procedures and safety level are superior in the

aviation industry. Hereafter are the critical elements found in the aviation industry, which can
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be aopted by the maritime to enhance navigational safety, especially in critical collision

situations.

Firstly, t he amount of information flow in s
the OOW becomes distracted by all equipment that needsetanonitored and the
manoeuvrability of his ship. I n order to enh
if a standardised display on one screen, presenting all the vital information for the critical
collision decisioamaking procedure is availabde bridge. In this case, the OOW will be able

to focus on decisiemaking without missing any other relevant information or tasks.

Secondly, the mamachine interactignthis concept of designing navigational systewil
enhance the level of situationalvareness on the bridge. The conventional navigational
systems are information systems only, which present all the information and the OOW utilises
whatis neecekd In this case, the chances of missing a key element are high, and there is no
method of ensumg that the OOW is fully aware of the situation. By applying the-machine
interaction technique, the system will automatically ensure the awareness of the OOW and the
full utilisation of the information. Also, an alert must be issued if the OOW wuitiliging the

vital information on the system to ensure the awareness of the OOW.

Thirdly, the technique of automatic coordination and connection between maritime collision
avoidance systems to remove the uncertaintyadding such a technique, the OOW e

able to monitor the target ship more accurately. Moreover, it will allow the OOW and the
systems to deal with the changeable parameters of target ships as well. Additionally, the
feature of acknowledging the manoeuvres of both target and own shipshance the level

of situational awareness significantly. For
changes in course and/or speed in-tima¢. Plus, if the target ship can show a means of
acknowledgement to indicate its awareness of that#ity this will remove the uncertainty

of the whole situati on, and it wi | | i ndi cat
cases, thetandon vessel in rule 17 will be sure aboutgMe-way vessel 6s acti ol
the give-way vessels aware of the situation and taking the avoidance action or she needs to

avoid the collision by her own actions.

Finally, the possibility to change the subjectivity nature of tlilM® s deci si ons, wh
based on his own perception and interpretatibthe situationto take objective decisions,
ruled by reatime information, with a correct and full interpretation of the situafldms will

enhance the level of situational awareness and navigational safety dramatically.
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In conclusion, to improve maritime navigational safety, it is essential to introduce an
Automatic Collision Avoidance System, whiighsimilarto the TCAS system. The new system

will enhance the collision avoidance procedures and utilisation of information dnidige.
Consequently, navigational safety will improve by using better interpretation and perception
by the OOW. In addition, this will remove the uncertainty in the COLREG and the decision

making, as well as the subjectivity of the OOW decisions.
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4 Approach Adopted

4.1 Introduction

Despite the entire enhancement in maritime regulations and the technological advancement in
the maritime industry, maritime accidents are still happening at sea. According to the European
Maritime Safety Agency (EMSA), a yearly average of 3315 accidents and incidents has been
reported from 2014 to 20(EMSA, 2018) Thus, half of these occurrences are related the
navigational activities, such as; grounding, contact and coll(&MSA, 2017) Generally,

these accidents have happened for many reasons, like; human factors, equipment failure,
commercial pressure, machinery failure, etc. However, the main contributing factors of
accidents are human factor and equipment failure. Furthermoractbhases in traffic density

have a tremendous impact on the numbenafitimeaccidents, especially in inland waters.

This increased the interest and the motivation of researchers to develop spstginance
maritime safetyas shippingcarries more tha85% of the world tradéUNCTAD, 2019) In

order to achieve this, it is essential to undexdtie main factors that lead to accidents at sea

to help inaddressing the problems and prevent acciderntsvashighlightedthat collisions,

contact and grounding make up most of the maritime accidéotardingly, the maritime
accident statistics arevealed that more th&®% of the accidents adkie tohuman factors
However, it isextremely importanio understand the factors behimaman errorswhichleads

to achain of wrong actions that lead to the accident. By conducting this researcHl| & w

able to answer this question and find the best soltionitigate the risk

4.2 Methodology outline

This chaptepresentghe adopted approagbthatwill be followed to perform this research
study Figure 21 showshe stepsas a road maf guide the authaio conductthe proposed
researchThe first step is the literature review, which provides the main issues that are related
to the maritime safety and accidents at sea. By identifying the problems of collision accidents,
a review of concepts and procedures in other industries was carried out to adopt the best
practices with regards to collision avoidance. This has facilitated the creation of the system
framework (system architecture) for the new automatic collision avcedagstem. The
framework of the new system is the roadmap and operational principle of the automatic
collision avoidance system. After the development of the system architecture, the required

mathematical formulas and calculatoito build the collision avdance modelwere
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formulated The model forthe new automatic collision avoidance systamested and
validated in a ship navigational bridge simulatoy using the past collisioaccidentreports

and measumg the improvemeniachievedi n t he O @nsliice if quehrsysem is
available on ships.
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4.3 Literature review

In this step, the literature about the related topics needs to be reviewed to iden
challengesand their causes and consequences. For this reason, the maritime ac
statistics hae to be looked at to justify theeedfor this research and to finthe most
contributing factos for the accidents in order to prevent them. Then, the human factol
how OOWsperform in the navigational duties have to be understood, including the
psychology in learning and decision makingupport the propetesign ofa userfriendly
system for collision avoidance. Moreover, the collision regulation COLREG, an
navigational proceduresVmbeen critically reviewed to identify the gaps auffiresshem
in the proposed system architectuU8hip navigationakystems and equipment have be
reviewedin chapter three with regasdo their operation and utilisation to recognise t
weaknesses of these systems. Furthermore, in chapter five, the maritime navigationa
and the TCAS system have been reviewddnisively to deploy the best features ¢
functions from both the aviation and maritime technologies and procedures in th
framework for the automatic collision avoidance system. At the end of chapterttigr
research gapsn ship collision andthe automaticcollision avoidance systenare

summarised

44 Procedur al di agrams and sys

In order to develop the automatic collision avoidance system, the best procedul
practices hee to be adopted ithe new system. Accordingly, it is essential to deve
procedural diagrams for the maritime and aviation collision avoidance processes to
in capturing the best practices aatttresshe shortages of the navigational procedufée
developmentof he system6s framework (archite
of the proposed system, which provides the structure and operational specification:
system. This framework (architecture) provides the formal description of the new aat
collision avoidance system and its representation in an organised approach that sup
|l ogic of the frameworkos structure an

(architecture) and specifications are discusseaghapter six.

73



45 The mathematical formulas of the automatic collision
avoidance model

The development of the automatic collision avoidance model requires the utilisat
mathematical formulas and calculations. Thésamulas are utilised for the vector
calculaionsof t he target shipds position, <c
this will allow the calculation of the CPA and TCPAdssesshe risk of collisionthen,if

a risk existsthey calculate the avoidance manoeuvre and provide the best tactiwoid
the collisionby changing of speed, course and/or both of tlldme mathematical formula

are discusseih chapter seven

4.6 The validation experiment of the automatic collision
avoidance system

After the development of the Automatic coltisiavoidance model, it is essential to exarn
the system and prove its capabilities to prevent maritime navigational collisions
validation experiment will be perform
validation experimenthe safarers will participate in the scenarios which will be develo
from real maritime collision reportsrfm MAIB). These scenariasill be reconstructed ir
the simulator environment and the O
main aim ofthe experiments is to measure the ship navigational performance of partic
(OOW) against the Key Performance Indicators (KRitfjed to theclassical collision
avoidance approach and the automatic collision avoidance approach. Then, the 1
andyseswill be performed tayuantify the enhancement in the safety of navigation w
utilising the developed automatic collision avoidance system. The H@RHIS Multiple

Criteria Decision Making (MCDM) tool will be used for the selection of the begiratd

avoid the collision. The validation experiments are discusselapter eight.
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5 Technical specifications of navigation and collision
avoidance systems in maritime and aviation industries

5.1 Introduction

This chapterillustrates the navigational systenm the maritimeindustry and collision

avoidance systems in tlaiation industy with its utilisation during the navigational duties.

First, it will explain the technical details of all the important navigai@guipment that are

being usedn ships to ensure safe waesh Mor eover , t hi s capabilityl i ncl i
and manoeuvrability withregardsto the IMO standards fos hi ps 0 manoeeavr abi |
trials. The final section has a thorough explamaiid the aviation automatic collision

avoidance system, TCAS. This sectimovidesa complete reviewf the TCAS system and

its operational techniqueshich will help the author and the maritime sectordevelop a

similar system for ships.

5.2 Navigational Systems, Navigational Information and its Impact
on Navigational Safety

I n order to i mprove the navigational proced:!
the current condition and how the OOW is performing on the navigational duties. Asiexten

review was, therefore performed, and the impact of each factor was highlighted in this section.
This includes a review of the navigational e
and the ship's capabilities and manoeuvrability. The techismads, utilisation and weakness

of each navigational system are discussed in this section. Moreover, the ships performance

and minimum manoeuvrability requirements, by IMO, are covered here.

521 Shi ps6é Navigational Aids

As in every industry, technologicativancements facilitate the duties of operators in different

ways. Automation has been applied to replace humans in monotonous work and {h@vide
necessarynformation to the operatgiParasuraman and Riley, 199For example, in the

marine industry, most of the navigational aids systbmse been introducei release the

OOW from theboredom of the repetitive tasks. This is to reduce the workload and to give

more time for decisioma ki ng r at her than processing the

bridge has been equipped with many devices and screens, which in order provide more
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information than what the OOW can handt®wever, the maritime industry used automation
to reduce the crew size whitke amount of information flow increased significantly. This
affected the situational awareness in a negative whgre the OOW is required monitor
more systemwhich provide a tremendous amount of informat{btetherington et al., 2006)
Thus, the increase in the mental wokkloleads to higher chaas of forgetting some

information and wrongly interprielg the surrounding situation.

Moreover, the integration of the navigational systems seems like a solution to such a problem.
Indeed, it improved the mamachine interface passionately, but thenmghis did not solve

the problem. After the integration of systems, the OOW still needs to monitor all screens and
devices to ensure their operation and performance is at the optimunpleserosshecking

the data to ensure systems are working ptgpA@nother problem arises with the widespread

of navigational equipment's makers the lack of standardisation of the information
presentation, availability and accessibility. This introduced more conffagitre OOWswith

the usage of this equipmemsspeciallyby thenewly assigned officers. Following smore
detailed explanation for these navigational aids that the OOW needs to monitor and use to

perform safe navigational duties.

5.2.1.1 Automatic Identification System (AIS)

The Automatic Ideiitication System (AIS) has been adopted by the International Maritime
Organisation IMO in 2000, as a new amendment to SOLAS chapter V (Carriage requirement)
(Figure22). This amendment is to be applicable for all ships of 300 Gross Tonnage and above,
which are engaged in international voyages, and all ships of 500 Gross Tonnage and above in
domestic operatioiMO, 2002a) The AIS intends to enhance maritime safety through better
availability and exchange of information between sitgship and shigo-shore bases. The

AIS information is categorised in four groups;
 Static.
1 Dynamic.
1 Voyage related information.

1 Short safety messages.
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(Table5) contains the details of each groiiiglO, 2002a) Foreach type of information, the

entry into the device is done differently.

9 First, the static information, which entered in the installation stage, and it cannot be

changed manually.

T Second, the dynamic information,sanghi ch

systems.

1 Finally, the voyage information, which is entered manually at the beginning of each
voyage, should be updated during the progress of the v¢@agand Zhu, 2008)

However, this information is to be exchanged between all ships and shore stations in the
vicinity, which are equipped with AIS receiver, automaticdlMO, 2002a) The rate of
sending dynamic information is changing depending on the navigational status of thership. Fo
an anchored ship it is every 3 minutes. For an average ship speed of 19 knots it is every 6
seconds and for shipsd speed over 2@Oknot s
2002awhere the static and voyage information are updated every 6 minutes istbgstem.
(Table6) shows the rate of data update in more dggijure22) shows an AIS display unit

and the targets information on the systéwmditionally, the AIS system is integrated with the
ARPA and ECDIS systems to provide the targets informatdhe OOW.

EURL  ROEREAL A

Figure22 Furuno AlIS syster(irhitonikMarine, 2019)
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Table5 The information categories in the AlS system

Static Information Dynamic Information | Voyage Information = Short Safety
(On Installation) (From Shi p¢ (Manually Entered) Messages

(Manually Entered)

MMSI Shipbés PosiShi pds Dr & Shorttext messages
(Maritime Mobile which is manually
Service Identity) entered about safety
Call Sign and Name = Time (UTC) Hazardous Cargo
Type

IMO Number Course Over Ground = Destination and ETA

COG
Length and Beam Speed Over Ground Route plan

SOG (Waypoints)
Type of Ship Heading

Location of Position = Navigational Status
Fixing Antenna (Entered Manually)
Rate of Turn
(If Available)

Table6 Rate of data update in the AIS system

Shi pbés st a: Dynamicinformation Static information Voyage information

Anchor 3 minutes 6 minutes 6 minutes
Speed 0 14 krots 12 seconds 6 minutes 6 minutes
Speed 0 14, with turn = 4 seconds 6 minutes 6 minutes
Speed 14 23 krots 6 seconds 6 minutes 6 minutes
Speed 14 23 with 2 seconds 6 minutes 6 minutes
turn

Speed > 23 kots 3 seconds 6 minutes 6 minutes
Speed > 23, with turn = 2 seconds 6 minutes 6 minutes

The use of AIS system in a collision situation has been addressed in the COLREG regulation;
indeed, it is recommended by the IMO. However, some precautions must be taken when
utilising the AIS system. The AIS information is useful in collision avoidarcatsns for
identification of tar gaétprevidesnmaimer matdi cmal &b s tg

navigational status and shipsd type, whi ch
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surrounding situation. Furthermore, the availability of manoeuvring information and
parameters of nearby shipsé wildl hel p signif
collision avoidance decision making process by the O@WD, 2002a) Although the AIS

systen has enhanced navigational situational awareness, the OOW must keep on his/her mind

that the AIS is a support system only, and it does not substitute other navigational systems
(ARPA and ECDIS)IMO, 2002a)

Furthermore, using of AIS, the OOW must follow COLREGS lathal time. The AIS system

is a supporting system, and the OOW should use all the available information at all the time.
The IMO in its guideline for the AIS operation-board mentioned two cautionary points
which should be followed by all the OOWs.

9 First, it should be notethat not all vessels are equipped with AIS system, like leisure

boats, fishing and warships.

T Second, some AF8quipped ships may switch off their AIS system for many reasons
(such as; security and piracy activity), which is dedidy the master of the ship
(IMO, 2002a)

Mor eover, based on the authordés experience a
University (HaratiMokhtari et al., 2007)it is not unusual to find wrong information
transmitted by the AI'S system. I n some <case
transmitted while in other cases unavailability of dynamformation can be encountered
(Harat-Mokhtari et al., 2007)By examining different AIS inforietion, it appears that in

many cases incorrect or incomprehensive information related to ships in vicinity are
broadcasted. This incorrect information usually confuses the OOW and can lead to
misinterpretation of the situatiqiaratiMokhtari et al., 2007)Next is the AIS information

that has been examined, and its effect on situational awar@hesslaritime Mobile Service

Identity (MMSI), which is a unique identity for each vessel, has been reported that an incorrect
MMIS address is broadcasting. This wrong address will mean the vessel will not be able to
receive any messages or information #ivat sent to her by other vess@taratiMokhtari et

al., 2007) The MMIS number is entered maaily in the installation stage, which can be either;

forgotten or inadequate installation procedures that lead to incorrect addresses setting. In other
cases, a wrongly transmitted static data (such as; vessel type, length, beam, etc.), can have a
tremendos negative impact on the situational awareness, where misidentification and

misinterpretation can take plaffidarat-Mokhtari et al., 2007)
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Additionally, inaccuray or errorwitht he shi péds name or call sign

a VHF communication, where AIS can help greatly to identify target gHi@sat-Mokhtari

etal.,2007) I naccurate ships6 name can be due to

the long name of a shifor instance, it has only 20 characters for the name field. Then the
OOW needs to shorten his shipbés name, and s
the navigational status, it is the confusing part, where a shortage of choices in the device
promotes a selection of the nearest status to the real one (e.g. underway or sailing, underway
for a powerdriven vessel, and sailing is for sailing vessel). Another mistake is the vessel,
which is at anchor, shows undeay status as the OOW forgot thange the statu$larati

Mokhtari et al., 2007)Also the draught, destination and Estimated eliofl Arrival ETA,

which needs to be entered manually by the OOW at the beginning of every voyage and updated
when needed, which OOWSs usually forgot to update this inform@tiaratiMokhtari et al.,

(0]

2007) Finally, shipbés position, headi ng, cour

(SOG) are essential information for risk of collision assessniéus, it is crucially important

to have this manoeuvring information correct in order to take the appropriate avoidance action.
Unfortunately, this information can be wrongly fetb the AlS devices by connection errors

or a sensors fau{Harat-Mokhtari et al., 2007)

For the interest of this research, the AIS system has been studied t@discasefulness as

a collisionravoidance system. In general, the AIS system has enhanced navigational safety as
it plays a vital role in collision avoidance decisimaking process. This enhancement has
been achieved by facilitating and providing easycae s s t o ot her shi psbd
and parameters). The availability of such information has increased the situational awareness
level on the bridge due to the correct identification and interpretation of the situation around
the ship. However, wh all these benefits of the AIS system, it is still not reliable and not
recommended to rely on the AIS alone. The AIS systey havanaccurate informatioon

target ships, which can deteriorate the situation rather than improving it. Also, thefanitth

all the vessels are equipped with AIS is another disadvantage. This makes the AIS just a
supportive navigational system thancurs with the other navigational aids (ECDIS, ARPA

and GPS).

Moreover, the lack of standardisation in the system mamiigl, @and the fact that human can
forget to update the information when the situation changes make it a source of unwanted
errors. Also, it is not practicable to allow such a vital source of navigational information to be
switched off upoAl mhsughdsheedql&stsyst emds
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NM, is acceptable for shifp-ship manoeuvrability. However, thisasinsufficient range for

the Vessel Traffic Services (VTS) monitoring and traffic management.

The introduction of the satellieased transmission has allowed lelagge AIS services

coverage. Since the AIS system has become mandatory in the navigational bridge, it has
enhanced navigational safety and security positively. Likewise, the short operational range, of

20 NM between shipand 40 NM for shigshore communication, has limited the utilisation of

the system for the worldwide coverafie et al., 2017) However, many potentiaystems
havebeentried to develop longange coverage, but several technical issues have been faced

during its adoptior(Cervera et al., 2011, Challamel et al., 2012, Zhao et al., 20hd)main

issue was the detection ability of the AIS system; this is due to a large number of transmitting
vessels in the satellitebds coverage area, as
number of shipgLi et al., 218, Challamel et al., 2012) I n 2015, the | MOOGs
accepted by the International Telecommunication Union (ITU) to allocate two extra channels

for the longrange AIS transmission and receptidm et al., 2018) This has improved the
performance of the longange satellite AIS to be utilised forlongange shi psd moni
Thus, the satellt based AIS system has been developed to provide a coverage range of up to

1000 NM.

On the other hand, the primary intention of the newly developed technituenisnitor the
ships where it has an updag rate of 3 minutes for the related navigatiomd@brmation(Li

et al., 2017) However, this updating rate is inefficient for automatic collision avoidance
purposesespecially in critical and eergency situations, where this considered a long time

for the calculation model to provide the required decisions to avoid such situations.

5.2.1.2 VHF Data Exchange System (VDES)

After the proven benefits of the AIS in improving the navigational spfég/systemhas been
heavily utilised for safety, security and better situational awareness at sea. However, this
increase in utilisations of the AE% a data communication metharhuses overloading of the

Very High Frequency (VHF) channdI&\LA, 2017). Additionally, the recognition of the need

for advanced digital communication in the maritime sector has motivated the International
Telecommunication Union (ITU) to considerdadesignate channels in the maritime band for
digital data transmission. Thus, the International Association of Marine Aids to Navigation

and Lighthouse Authorities (IALA) has proposed a new enhanced version of the AIS to
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overcome the overloading probleand to introduce a digital data transmission in the system
(IALA, 2017).

Moreover, this will serve the purposes of th@awigation concept and implementation.
Furthermore, the VDES is intended to enhance the satellite coverage of the current AIS
senices, with a reatime data transmission and data IiikLA, 2017, Lazaro et al., 2018)
Although, the current AIS broadcasts in the satellite coverage transmitter, it is still net a real

time transmission, which is used for monitoring purposes (@dlyaro et al., 2018)

The main enhancements suggested in the VDE®myare the higher rate of data transmission

and the digital data exchange for the AIS information. Also, the capability of the system to
transmit broadcast messages for all vessels in the vicinity, and addressed messages for a
specific vessel or to grougr fleet of vesselgéFigure 23) The highest priority in the VDES
system is given to the AIS functions, the safety information and ships position report. Thus, to
increase the coverage of the VDES system, it utilises a satellite link between shipsrand sh
centres. Moreover, The VDES must include three functiofsllasvs;

1 AIS data exchange available all the time.

9 Digital data exchange feature between ships and shore, including satellite coverage.
This is to enable the Application Specific MessagesMASNnd the VHF data
exchange (VDE) techniques.

1 Data exchange link other than the VDES usages. This technique is to enable any data

exchange from separated systemsoard ship and shore centres.

1 ApplicationSpecific Messages (ASM) is direct messages ddressed vessels.

Usually, this includes navigational safety information.
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VHF Data Exchange (VDE)

Figure23 General concept of the VDES and the links of communicaflcdwaro et al., 2018)

Generally, the development of the VDES system addresses the requirement ef the e
navigation concept, which has been defined by the (MM@D, 2015)as;it h e Hhzedr mon i
collection, integration, exchange, presentation and analysis of marine information on board

and ashore by electronic means to enhance berth to berth navigation aredi redavices for
safety and security at sea andorgovegtheet i on
navigation Strategic Implementation Plan (SIP) and its Maritime Service Portfolios (MSP) has

been fulfilled by the VDES system. Thisnmgentioned in Tale 7)

Table7 The Maritime Service Portfolios (MSP) for thenBvigation SIP, cited b{lALA, 2017jrom the
(NCSR1/28/Annex 7).

Number | Identified Services Identified Responsible Service Provider
MSP 1 | VTS information service VTS authority
MSP 2 | Navigational assistance servi| National competent VT8uthority/coasta
NSA or port authority
MSP 3 | Traffic organisatiorservice National competent VTS authority/coas
or port authority
MSP 4 | Local port service Local port /harbor operator
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MSP 5 | Maritime  safety  informatior] National competent authority

service
MSP 6 | Pilotage service Pilot authority
MSP 7 | Tugs service Tug authority
MSP 8 | Vessel shore reports National competent authority
shipowner/operator, master
MSP 9 | Telemedical assistanservice National healttorganisation
MSP 10 | Maritime assistance service Costal/ port authority
MSP 11 | Nautical chart service National hydrographic authority

MSP 12 | Nautical publications service National hydrographic authority

MSP 13 | Ice navigation service National competent authority

MSP 14 | Meteorological information National meteorological authority
service

MSP 15 | Reatime hydrographic ~ an( National hydrographic and meteorologic
environmental service authority

MSP 16 | Search and Rescue Service SAR authorities

The operational concept of the VDES system as follows:
1. Data exchange between ships and shore centres by terrestrial or satellite transmission.
2. Automatic and/or manual data exchanges.
3. Minimum involvement is required by the OOW for transmission and receiving data.
4. Support the current AIS applications.
5. Application Specific Messages (ASM) feature.
6. VHF Data Exchange (VDE) feature.
7. Cybersecurity and encryption consideration.
8. A long-range coverage ability due to the satellite link utilisation.

9. Machineto-machine data exchange and communication (interface aitiither

navigational system for information utilisation).
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10. System operation all the time; underway, anchoring and moored condition.

11. Information sharing can be done in three methods; automatic transmission, assigned

transmission to a specific user and podtddrmation by interrogation.

The VDES system has a promising enhancerfanthe safety of life at sea, navigational
safety, property and environment protection and maritime security. This enhancement will be
the result of better communication and datahange between vessels and shore centres.
Moreover, this will improve thdevel of OOWH situational awareness in the navigational
bridge for better decision making in critical situatio@hapter 6will discussmore on the
utilisation of this device todftilitate the data connection and exchawigin the proposed

automatic collision avoidance system.

5.2.1.3 Electronic Charts Display and Information System (ECDIS)

The IMO has first adopted the performance standards for the Electronic Charts Display
Information System ECDIS in 1995, by resolution A.817 ({I8)O, 2006) This has been
followed by other amendments to include the baglarrangements in case of failure in 1996,

and the other amendments, which allow the use of raster charts in ECDIS system when vector
charts are not ailable. The 2009 amendments of SOLAS (chapter V, Safety of Navigation)
have made it compulsory to all ships that built on theflJuly 2012 onwards, to be fitted

with ECDIS on their bridged-{gure 24) (SOLAS, 2010) The primary purpse of the ECDIS

is to enhance the navigational safety; this will be achieved by the ability to display all the
essential information on the paper charts in an appropriate way that helps the OOW to conduct
safe and efficient navigational dutiéé®O, 2006) Moreover, ECDIS hasden designed to
reduce the navigational workload by replacing traditional paper charts work to electronic
charts. This should include route planning, route monitoring and position plotting as an
electronic method performed on ECOllich and Buttgenbach, 2001 addition, it needs

to be compatible to be connected and integrated with all the other navigational equipment on
the bridge. This includes ARPA, AIS, Positifiring system GPS, Gyro compa$£ypeed log

and Echo sounder. This will provide a clear presentation of all navigational information that
is required by the OOW to maintain a safe navigational watch. Sequentially, in case of any
failure in the connections, the integrated systems andniiafiion, the ECDIS system must

raise the alarm or indication about the fail(Jie and Xiarzhong, 2008)Finally, it must have

at least the same quality of information and presentation of paper ahigitshe ability to

update the electronic charts up to the standards of the Hydrographic (@fii@e2006)
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Figure24 Console of Transas ECDIS sys{@nansas, 2019)

For theECDIS systenfieatures mentioned above of ECDIS system; route planning, monitoring

and voyage recording, each one has to fulfil the main navigational requirement as follows;

1 Route planning purposes, the system must be able to add, delete and easily change
waypoints to plan the whole voyage. An indication for dangerous or prohibited areas
or suljects must alert the OOW if the planned route is passing on, or near to these
areaqIMO, 2006)

1 Route monitoring purposes, EDCIS must have the possibility to display areas further
away from the original ship position for advanced planning or to check the ship
performance on thplanned route. It also should allow the manual entry of coordinates
easily, and thus, to go back the original ship position display. Additionally, the system
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must be able to alert the OOW if the ship is approaching-agleeted distance from
contour Ines, crossing track limits or arriving at waypoints, if the OOW has selected
these alerting function@ie and XiarZzhong, 2008)

i ECDIS system should be able to record the voyage progress and informatio
(Positions, heading, time and speed), and these records must be protected from any

changes for investigation reasons. (Figa®g shows the display unit of the ECDIS
system.
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In general, the ECDIS system has enhanced navigational safety and increases the situational
awareness on the bridge by the capability of integrating all the navigational equipment in one
platform. The system allows a single screen on the bridge to digplat of the required
information to the OOW to perform his navigational tasks.

On the other hand, the ECDIS system has many disadvantages which could threaten the safety
of navigation. These disadvantages can be divided into three groups; Human Estans, Sy

fault and Operational Error; thus, a chain of these errors can lead to an aghedant Xian

Zhong, 2008) The human error can occur in many cases, such as; lack of knowledge or skills

about ECD$ operation, human performance (fatigue, stress, health, etc.), lack of the
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situational awareness and inadequate management of navigation@liasksl XiarZzhong,

2008) Equipment failure is any malfigtion that can affect ECDIS performance. Additionally,

any failure to the integrated systems that connected to ECDIS can all affect the performance
of ECDIS negativelyJie and Xiarzhong, 2008) These dilures such as;

1 Physical damage.

1 The inconsistent geodetic datum for GPS.

9 Lack of charts information (raster charts).

1 Lack of latest updates for the charts.

Moreover, the operational errors mainly occur as an-ml&mce on the system without
checkingthe vital navigational information (e.g. Position) and tasks omission by the OOW.
After studying the ECDIS system, it appears that it is an information system only. This
provides all the information that necessary to perform a safe navigational watethemthof

the OOW; then he/she needs to analyse this information for performing best actions and
decisions. However, in a critical situation or collision avoidance decisions, the OOW must
come out with the most appropriate solution from his own experiénosyledge and best
seakeeping practices.

5.2.1.4 Position Fixing Systems (GPS and GLONASS)

The primary and most weklnown position fixing system is the Global Positioning System
GPS, an American System, which was used by the Department of Defence for maksry u
Later it became available for civilian usages as well. Also, the Global Navigation Satellite
System GLONASS position fixing system, the Russian version, which works similarly as the
GPS. Mor eover, some devicesbo emstGPBramds r e c ¢
GLONASS, for more precise positio@gICA, 2008) When it comes to navigation, the GPS
provides a position (latitude and longitude), velocity and UTC time, which are essential

i nformati on f @ipositioo im ireatime (Misrg et al.h1992¥Regarding the
accuracy of the GPS system, it gives position with 10 meters accuracy, depending on the
number and angle of satellites, which the anteroaives signals from. this is an acceptable
accuracy for ships navigation purpogklsra et al., 1999)Figure23) shows the display unit

and the antenna of the GPS system.
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Figure26 JRC GPS un{tommunication&Radionavigation, 2018)

The GPS system has improved the navigational safety and reduced the navigational workload
by providing a precise ship position at rdate. However, like any other systesgme
precautionsieed the attention and training of the OOW. First, the OOW must ensure that the
GPS is providing the correct position at all the tifhétzhoft and Dekker, 2002Because in

some cases the antenna lossiggals, and in this case, the system starts to shows Dead
Reckoning DR position, which is an estimatio
course and spe€titzhoft and Dekker, 2002 hiswas the case in the grounding of the Royal
Majesty passenger ship in 1995, where the GPS antenna was damaged, and the GPS altered to
DR position. The GPS system has alerted the OOW, but he did not recognise that and was
using the GPS position normally iithe grounding of the shiflLitzh6ft and Dekker, 2002)

In addition, for the correct and accurate position, there should be a match between the GPS
Datum (World Geodetic System 1984 Datum) and the gldatum in order to have the correct
position for the exact chaffiCA, 2008) The chart datum is usually written on the corner of

the chart and the GPS shows which datum is using agM@K, 2008) In general, the OOW

should always check the navigational aids and ensure that they are functioning in good
condition, and, according to the bridge standards, to have the correct information all the times.
Also, he must check all the alarrtisat go off in the bridge and never acknowledge them
without investigating the cause of the alarm to ensure the performance if the systems and

equipment are at the optimum level.
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5.2.1.5 Radar / Automatic Radar Plotting Aids (ARPA)

The first introduction of theadar equipment for merchant ships was after World War I, where

it became affordable for civilian uses. At that period, the radar technology played a significant
role in the safety of navigation, which helped with targets detection around ships, &special

in low visibility and bad weather. In addition, the standard procedsed to beerformed
manually as lookout watches and compass bearing monitdifirigy was performed to avoid

the conflict in COLREGsas towhether radar plotting was required or notcollision
avoidance situation@-lyntz, 1983) Basically, the use of radar was only to detect targets, and
the OOW was manually plotting that targetds
calculate the true course and speed in order to calculate the ClosgstfPApproach CPA
(distance and time)Wylie, 1972) However, with the growth in the merchant fleets, and the
increase in ships speed, the maritime traffic became congested, and thus, this required the
OOW to plot more targets in less time. This manual plgttachnique became incredibly
difficult, in some cases, which lead to ignorance of some less prioritised {akydies 1972)
(Figure27) shows the console of the ARPA/radar system.

Stand-alone

Figure27 ARPA/ Radar systefdRC, 2019)
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Furthermore, the importance of automatic plotting aid arises to support the OOW managing
the increased number of targets in the vici(Miylie, 1972) Therefore, the Automatic Radar
Plotting Aids ARPA system brought about, leaving behind many older versiorsttirfigp

aids systems that did not succeed up to the required (iydie, 1972) Today, usage of
ARPA by OOW is mandatorfor ships over 300GTn general, the prime aim of the ARPA
system is to improve the collision avoidance procedures, by reducing the woddfioa
manually plotting multi targets, to the possibility of having the needed information
automatically availabl¢IMO, 2004) (Figure28) shows the display unit of the ARPA/radar
system.
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Figure28 Transas ARPA displdyRANSAS, 2018)

The capabilities of the ARPA system stand on the ability to detect targets such as; vessels,
shorelines, navigaihal hazards and navigational aids (e.g. buoys). Nevertheless, ARPA
system must provide the range, bearing, distance to CPA, time to CPA, course and speed of

any radar tracked targets at all the times to assist the OOW in collision avoidance procedures
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(IMO, 2004) Yet the accuracy of the system in measuring range and bearing are 30 meters
and 1 degree, respectivgl\MO, 2004) In order to get the optimum detection, theteys

must have an automatic and manual adjustment for gain, clutter and tune to eliminate unwanted
echoes that caused by sea, rain and cl¢iM®, 2004) Moreover, the system has the

following functions;

1 Variable Range Markers VRM (measures the range from any point in the display to

any object).

1 Electronic Bearing Lines EBL (measures trared relative bearing from the ship

position and from any point on display to any object).
1 Parallel Index Lines Pl (used for monitoring the ship track).

All these functions are to help the OOW to monitor and plan his navigational watch in an
appropriate way and tim@ O, 2004) However, ARPA system is an integrated system with

the other navigational aids on the bridge, to enhance the situational awareness. The systems
that integrated with ARPA are; Gyammpass, Speed log, GPS and AISO, 2004)

5.3 Ship parameters and manoeuvrability

The research in shipbs parameters and manoel
with many aspects need to be considered in the scope of the research. However, this section
will discuss the aspects that have a direct relation to the develomhéme Automatic

Collision Avoidance System, which is the main aim of this research.

5.3.1 Ship Parameters

Ship parameters in the context of collision avoidance are the factors that need to-be well
thoughtout for the assessment of collision risk processdsch are mostly dynamic
parameters. In other words, it is the controllability of the ship, the ability to control the
manoeuvrability, with consideration to target ships in the vicifiigndsburg, 1993, House,
2007, Kornev, 2013)Iin order to assess collision situations, the OOW must be aware of the
behaviour of his own ship with retime availabilty of its parameters (navigational
information), as well as other targets paramet¥vard and Leighton, 2010)After the

calculation and analysis of this information, the result will provide relative motion of the target
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ship in relation to own ship. If the risk of collision exists, the point where the collision will
happen or thelosest point of approach (CPA), distance to the Closest Point of Approach
(DCPA) and Time to Closest Paint of Approach (TCPA) will be calculéiéilison et al.,

2003) Based on this information, the OOW decides the best collision avoidance manoeuvre
to avoid the collision. Th&llowing (Table8) containsthe ship parameters that are used in

the risk of collision assessment, which must be avaifableoth own and target ships.

Table8 Ship's parameters for risk of collision assessment

Speed through water The bearing of the target ship

Speed over ground Range to the target ship

Course over ground S h i padigational status

Heading Relative motion

Position The closest point of approach CPA

Rate of turn Time to the closest point of approach TCPA

Stopping distance Distance to the closest point of approg
DCPA

After the discussion about ship parametiris essential to mention the factors that influence

the manoeuvrability of ships, where they at@ngly linked toship characteristics, such as;

the effect of the manoeuvring capability and the behaviour of the(ldbipse, 2007)Two

mainfactors whichhave an effect o are listéd delosy nd lusteatedire h a v i o

theflow diagramin detail (Figure 29);

9 First, controlled factors, which can be adjusted by the operator, dithiag design

stage oduringthe operational stagéPérez and Clemente, 2007)

1 Second, are neoontrolled factors, like weather and environm@urnev, 2013)
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Influenting

factors

Controlled corl:lt(r)gl-le d
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/J\ Operational
Design stage pstage
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~ imenston ~ Current Tide
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~—
ship-ship
interaction
R

Figure29 The influencing factors on ships manoeuvrability

5.3.2 Display and availability of manoeuvring capabilities and information on

the shipbds bridge
As per the IMO Resolution A.601 (15) in 1987, it is recommended for all ships more than
100m in length and all chemical tankers and gas carriers of any size, to have and display its
manoeuvring capabildgis and information in three forms as follows; pilot card, wheelhouse

poster and navigational booki@iO, 1987)

The Pilot Card is to provide the pilot with the necessary information about the condition of the
ship, such as manoeuvring capability and equipment, loading condition asdsbpulsion
system andpower, as well as any other related information regarding the navigational
condition of the ship (Figurg0). The pilot card is to be filled by the master of the ship upon
the arrival timgIMO, 1987, ABS, 2017)

Wheel house Poster is to provide gener al
manoeuvring characteristics (Figui@k 32 and33). It shouldbe of a size that can be seen

from anywhere in the wheelhouse and navigational @@, 1987, ABS, 2017)
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Manoeuvring booklet is a full detailed booklet about the manoeuvring characteristics of the

ship. The information on this booklistbased on the sea trial and estimataringthe design

stag e . This bookl et should be in
amended as requirétMO, 1987, ABS, 2017)
PILOT CARD
Ship's Name Original Name
Flag Call sign Agent
Teonnage: Gross Net
Deadweight tonnes
Draft Aft m. Draft Forward m.
SHIP'S PARTICULARS
Length overall m. Breadth m.
Increase of draught, per degree heel: m.
Thruster Bow: kW ( HP)
Power Stern: kW ( HP)
Available Combined: kw ( HP)
Bulbous bow yes/no
Controllable Pitch Prop ves/no
‘.H - . |
i |
m. - -
Parallel Part m.| —i—: 3 <
Type of engine Manufacturer
Maximum power: Ahead kW ( HP) Astern kW ( HP)
Mgneuveri:g REM/pitch speed, knots
onigne oxdax Loaded Ballast
Full ahead
Half ahead
Slow ahead
Dead slow ahead
Dead slow astern Time limit astern sec
Slow astern Full ahead to
Half astern full astern sec
Full astern Max cont. no. starts
Critical RPM
Maximum reveolutions available: Ahead Astern
STEERING CHARACTERISTICS
Rudder rate °/sec Maximum angle °
Steady turn diameter ship lengths
(deep water)
STATUS OF SHIP'S EQUIPMENT
Anchor manned and ready to let go yes/no
Gyro error to port/starboard
Problems with any other equipment

Figure30 Sample of pild card, (ABS, 2017)

t he

shipbs
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Ship’s name

WHEELHOUSE POSTER

Call sign

Max. displacement

tonnes, and Deadweight

. Gross tonnage

tonnes, and Block coefficient

, Net tonnage ___

at summer full load draught

STEERING PARTICULARS ANCHOR CHAIN
Draught at which the manoeuvring Type of Max. rate of
data were obtained No. of heaving
Maximum rudder angle ¢ shackles
9l {minishackle)
Loaded Ballast Time hard-over to hard-over
with one power unit s Port
T Tri with two power units s Starboard
1 d f d Minimum speed 10 maintain
=/ Jorwar M forwen course propeller stopped —__knots Stern
m aft —_m aft Rudder angle for neutral effect ® (1 shackle = _m/. fathoms}
PROPULSION PARTICULARS THRUSTER EFFECT at trial conditions
Type of engine . kKW (__HP), Type of propelier Thisies KW (HP) Time delay Turning rate Time delay to | Not effective
for full thrust | at zero speed | reverse full thrust | above speed
Speed (knots)
Engine order
selting Loaded Ballast Bow s °lmin min s knots
Full sea speed Stern s °/min mn s knots
Full ahead
Combined s °Imin min s knots
Half ahead
Slow ahead
DRAUGHT INCREASE (LOADED)
Dead slow ahead
i o e Critical revolutions —__rpm Estimated Squat Effect Heel Effect
Minimum rpm . ___knots Under keel Ship's speed | Max. bow squat Heel angle Draft increase
Time limit astern min clearance (knots) eslimated (m) (degree} (m}
Slow astern —
Time limit at min. revs.. min 2
Emergency full ahead
Hall astern Ioglul astern —s o 4
Stop 10 tull astern s 8
Astern power % ahead 12
Full astern Max. no. of m
conseculive starls 16

Figure31 Sample of wheelhouse poste(IMO, 1987)

MAN OVERBOARD
RESCUE MANOEUVRE

ENCE OF ACTIONS TO BE TAKEN:
CAST A LIFEBUOY

GIVE THE HELM ORDER

SOUND THE ALARM

KEEP THE LOOK-OUT

Insert a
recommended
wrn

¥ SEQUI
3 ' - TO
- b
i. oW | | We ) i, Loaded m( L) i i
~—————— L.oa [| | S Ballast m( L) 50
Loaded m
Ballast m
m. m .
m
b—Parallel  WiL —of ~—— -J'..
Loaded m
Ballast m

Prepared by

Date

Figure32 Continue, sample of wheelhouse poste(IMO, 1987)
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TURNING CIRCLES AT MAX. RUDDER ANGLE
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ability (rudder amidships) STOPPING CHARACTERISTICS ability (rudder amidship)

Figure33 Continue, smple of wheelhouse poste(IMO, 1987)

5.3.3 The standards and criteria for the manoeuvring characteristics tests

In the past, ship designers used to rely on the ability and performance of seamen to handle the
deficiency i n s Hue msor desygfiMOe 2002¢, dryez bnd Clgmente,
2007) Therefore, in 1968, the IMO hasaised itsconceris about this issue in the Sub
Committee meeting on Ship Design and Equipment, which led to the adoption of the
MSC/Circ.389. This concerns the Interim Guidelines for Estimating Manoeuvring
Performance ilship Design, in January 1985, to support the idea of better manoeuvrability by
better s HIM®,2002c)drkesmiaigainsofthese standards is to provide the designers
with guidelines to follow during the design stage of ships. Thus, ships must be built to comply
with the standrds as a minimum requirement for the manoeuvring capability to ensure safe
ship handling operatiofiMO, 2002c, ABS, 2017)The concern of the standards is to provide
good quality and hanitlg performance of ships, that can satisfy the nautical asfretse,

2007) Theperformance of ships can be both calculated and simulated in the design stage, or
scaled model tests could examine it. Finally, both results must be compared with the sea trial
tests according to the following critefidouse, 2007, IMO, 2002c, IMO, 2002b, ABS, 2Q17)

9 Turing ability test is performed by turning the ship hard over. It is considered as

satisfactoryresults if, Figure 34);
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)l

1

0 The side distance from the turning moment (turning point) until it reaches 90°

is not more than 4.5 shipbdbs | ength (A«

0 The sidedistance from the turning moment (turning point), until it reaches
180A, i s not more than five shipbs | el

Initial turning ability test is a 10° turn (on port and starboard sides), where the side
distance should not be more than2.5i po6s | ength when the shi
in the heading.

Yaw checking and course keeping ability tests, this is to be performed by thedZig
manoeuvres (10°/10° and 20°P20(Figure 35). A turning of 10° to port side until the

s hi p 6 s isthangdita reagh 10° (first overshoot), then turn to the other side 10°
unt il t he sskthapgédsto feacta HOP angthe opposite side (second
overshoot). To continue with the test, another turn of 10° to the opposite side is
performed until the shid s h & ahdngedgo reach 10° on the opposite side.
Furthermore, the same test is to be performed for the 20°/20° manoeuvre. The test
results will be considered as satistagtif;

o The first overshootbdés changé in headi.
10A, i f t he shhypdhe Itersdt hs paiedi d(esdhi p i
performing the test) iess thatO second,
20A, i f t he shhypdhe Itersdt hs paiedi d(esdhi p i
performing the test) is 30 second or more.

o0 The second hangeenrhsatirg s ind rmoredhan (in 10° turn);
25A, i f t he shhypdhse Iltersdgt hspaiewdi d(esdhi p ¢
performing the test) iess thatO second,
40A, i f t he shhypdhe Itersdgt hspaiewdi d(esdhi p ¢
performing theest) is 30 second or more.

o The first overshootds change in headi.

Stopping distance test is performed by

full astern, Figure 3). The stopping distance is measured frdma point that the
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engine is reversed until the point when the ship is totally stopped (the track distance

that the ship moved on; track reach). That total distance should not be more than 15

shipbs

l engt h, and for

| arpéepdsspleageime nt

reach; is the distance from the engine reversed point until the is ship stopped, a

straightline distance)

Unconfined and deep water,

Calm weather and sea cofiaoin,

All manoeuvrability tests should be conducted in the following conditions;

Ship in a fully loaded condition, to the summer load line and no trim,

Ensure steady speed before starting the test.

>
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Figure34 Turning circle test(ABS, 2017)
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5.4 Collision Avoidance in Aviation

5.4.1 History and development of TCAS system

The first method of collision assessméartaer o pl ane was by the concep
other targets, with advice from the ground
John S. Morrel introduced a wemethod of collision assessment and avoidance. The new
method is the Time to the Closest Point of Approach. This method is still the technique used

in the new collision avoidance systems in both maritime and aviation industries
(EUROCONTROL, 2016)After that came the Beacon Collision Avoidance Syste@A8)

which established in 1975, it was the first system that is able to detect range and altitude data
for ot her -ctadrlgeedt si nfitorru dseisréceived as a signal frofn the Airat i on
Traffic Control Radar Beacon System (ATCRBEUROCONTROL, 2016, FAA, 2011,
Williamson and Spencer, 198®)ater in 1981, the Traffic Alert Collision Avoidance System

(TCAS) was developed, after a mad collision in California; under the umbrella of the

Federal Aviation AdministratiofEUROCONTROL, 2016)The TCAS was based on the

same concept of the BCAS systerthasome advanceme(EUROCONTROL, 2016)Then

in 1986, the US Congress, after another -airdcollision in California, has mandated the
installation of TCAS system on some types aargolanes operating in its airspaces
(EUROCONTROL, 2016) In addition to the development of the TCAS system, the
International Civil Aviation Organisation ICAO was concemthe development of standards

and guidelines for the use of TCAS. The implementation of TCAS was mandated in Europe

in January 2000, for all fixeding turbineengineaeroplanewith maximum takeoff mass of

15,000 kg, or carrying capacity of 30 passeagermorg EUROCONTROL, 2016)Then, in

January 205, it becomes mandatory for all fixedng turbineengine aeroplanewith a

maximum takeoff mass of 5700 kg, or carrying capacity of 19 passengers or more
(EUROCONTROL, 2016)

In aviation, where they dooh have manoeuvring regulations, the decision is left to the pilot
to avoid collisions. In addition, they have the ATC role in allocating every aeroplane with a
specific level (altitude) of flying then to ensure the separation of aeroplanes in general
(Williams, 2004, Kuchar and Drumm, 200A)so, the Traffic Alert and Collision Avoidance
System TCAS come as the last measure of collision avoidancegrtin@lthe pilot of any
intruders in the vicinity, which could be a potential conflicting aeroplnehar and Drumm,
2007, Burgess et al., 1994)that intruder comes in a collision course, the TCAS provides the

pilot with the best avoidance action. The TCAStsyshas proven its reliability as a collision
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avoidance systerfHarman, 1989) However , t hat makes it mandas
decisions immediately, even if the pilot does not acquire the intruder visually, as mentioned in

the International Civil AviatioOrganisation ICAGEUROCONTROL, 2016)It could ke the

case that the pilot is unaware of the intruder or cannot see it visually, and the TCAS system
detects it and issue the avoidance deci@ROCONTROL, 2016)

This research concerns about the latest version of TCAS (The TCAS Il version 7.1) and all the

specifications mentioned are related to thisim and not the oldest one.

5.4.2 Surveillance and Target detection in TCAS System

The TCAS system works independently from other navigational systems in the aeroplane and
ground traffic service$FAA, 2011) TCAS system keeps monitoring the surrounding area

around theaerop a n e, up to 30 NM, by the #fAinterroga:
radio signal Figure37) (Xu, 2013) After that, the TCAS antenna keeps sending interrogation
messages at 1030MHz and receives transponder replies at 109(HMéidnan, 1989,

Williams, 2004) Once another TCAS equipped aeroplane receives the interrogation message

from the TCAS antenna at 1030 MHz, by mode S transponder, it replies at 1090 MHz, using

mode S transponder, to the TCAS antefifldROCONTROL, 2016)The reply message from

the node S transponder has-Bit address for every aeroplane to allow farther connection and
coordination between the(RAA, 2011)

Moreover, this reply message allows the TCAS
altitude to find the relative position (relative bearamgl altitude), which keeps updating every

one secondWilliamson and Spencer, 1989)hen the TCAS sent this information to the

TCAS computer unit for pessing and collision avoidance decisions. The mode S sends
replies every one second, and the TCAS keep listening all the(kioahar and Drumm,

2007) If the transponder message does not contain altitude iafiormthe TCAS system will

detect the intruder, but it cannot issue an avoidance mano@tvROCONTROL, 2016,

Kuchar and Drumm, 2007Wherethe relative altitude is unavailable, so the system will
assume that the intruder is in the same faying level aswbestcase scenario
(EUROCONTROL, 2016)On other words, every TCAS @igped aeroplane has TCAS
antenna and mode S transponder. The TCAS antenna sends the interrogation signals, and the
mode S sends a response tdiis response has the address and information of the intruder

to help the TCAS system to locate and issuesattoidance decisions.
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Figure37 Surveillance techniqudEUROCONTROL, 2016)

Passive surveillance

Intruder is a near threat in
altitude or range. Intruder
validated with TCAS active

interrogation once every 10 sec.

Passive surveillance

Intruder is not a near threat.
Intruder validated with TCAS
active interrogation once per
minute.

5.4.3 The Principle of Collision Detection, Tracking and Avoidance in TCAS

System

The TCAS computer is thenain partof the system, and it is the responsibiait for

surveillance, threat recognition, tracking, avoidance manoeuvre, and issuing decisions
(EUROCONTROL, 2016)However, the basic principle used in TCAS is the Time to Closest
Point of Approach (TCPAJHoneywell, 2004) The Closest Point of Approach (CPA) is the
minimum passing distance between the intruder and the own aeroplane. In TCAS, it relies on

the time remaining to collide or pass in the closest point from the aerdplaneywell, 2006)

Thus, if the intruder passing distance is less than8B00feet vertically (depending on the

flying level), this means it gassing dangerously close, and an avoidance action shall be taken
(Figure 38) (FAA, 2011) After detecting the dangerous passing situation, the TCAS keeps

tracking the intruder to assessing the situation and issues the avoidance mafiieadas

et al., 2000)

Consequentl vy,

(altitude, vertical rate and the relative altitude), andtheir uder & s
from the mode S transponder, in the tracking algoritfidurugan and Oblah, 2010The

outputs of the tracking algorithm are the parameters for both aerofilangs, the horizontal

t he

Col

S i

on Avoidance

Logic

par ameter s,

range at CPA, approaching rate, relative altitude and relative altitude rate), which then passed

to the collision avoidance algorithm to provide the best avoidance manoeuvre, using the TCPA

principle (FAA, 2011) The aeroplanes should pass in the destengher than 36800 feet,

and the TCAS system should advise the pilot with the best action to fulfi{\ihiisams,

2004)
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Figure 38 Alert zones and timgFAA, 2011)

5.4.4 TCAS Operation, Alerting and Avoidance Decisions

The enhancement in aviation safety and situational awareness that gained after the introduction
of the TCAS system has been achieved by assessing the pilot in collision avoidance, intruders
detection and visually acquiring conflict situatiogf€AO, 2006) However, this does not
exempt the pilot from applying the best practices and judgment to avoid conflitiogiftia

which no action shall be taken in the opposite direction of the TCAS de(i€iam, 2006)
Following are the operation and alerting of the TCAS system and how the pilot shall respond

to each of them.
Traffic Advisories (TA)

TA aims to alert the pilot about potential traffic in the vicinity, which might cause a conflict
situation, and to assess in visaahuisition of intrude®lurugan and Oblah, 2010l also
prepares the pilot for a potential collision situation and to perform the avoidance manoeuvre

(ICAO, 2006) The vertical detection range of intruders is-8200 depending on the flying
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level (EUROCONTROL, 2016) In case that an intruder is not including the altitude
information on the mode Samsmuted message, the system will only issue TA alerts without
avoidance manoeuvrébloneywell, 2004) The TCAS system issues the TA-28 seconds
before the CPA, depending on the flying level, and the pilot should be ready Regbleition
Advisory RA, Figure38) (FAA, 2011)

Any intruder located within 6NM and 0P feet will be detected even if it does not cause TA
to be issued, and this intruder will be shown as proximate t(&HEROCONTROL, 2016)

Resolution Advisory (RA)

The RA aims to provide the pilot with the avoidance manoeuvre to esbhision (Figure )

(ICAO, 2006, Livadas et al., 20Q0After TA is arising, if the intruder is still approaching a
cdlision point, the TCAS system will issue the RA. In order to issue RA, the system needs to
assess the decision in two steps. First, it needs to choose the direction of the manoeuvre,
whether toclimb or descend. The direction which provides greater separig the more
favourable oneRigure40), with the avoidance of crossing in front of the intruder as much as
possible Figure 41) (Kuchar and Drumm, 2007However, if the uncrossing direction does

not satisfy the needed separation, then the system will choose the crossing direction
(EUROCONTROL, 2016)Secondly, is the rate of vertical speed which satisfies the separation
in the least digrsion from the original patfiKuchar and Drumm, 2007, Williams, 2008s

a result, the RA advises the pilot whether to climb, descend or maintdiyitigeevel, with

the rate of vertical speed to pass an intruder in the greatest djstadosithout crossing if
possiblgMunoz et al., 2013)The TCAS system issues the RA3®seconds before the CPA,
depending on the flying lev@Munoz et al., 2013)The pilot must repond to the RA within 5
seconds of the issuan@AA, 2011, Honeywell, 2006)

Additionally, the TCAS system keeps monitoring the performance of the provided avoidance
manoeuvre and theegdormance of the pilot every one secqitUROCONTROL, 2016,
Williamson and Spencer, 1989 the issued RA is not providing enough separation distance
to pass the intruder, the system will strengthen or weaken the rate of verticatcspesd
safely(Livadas et al., 2000Moreover, if it appears that the provided RA will not prevent the
collision, or one of the aeroplanes are not obeying thelioh, the system will reverse the RA

to the obeying aeroplane to prevent the colliSiBtROCONTROL, 2016, FAA, 2011,
Honeywell, 2004)
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“Descend,
descend” RA “Climb, climb

NOW” RA

Version 7.1:
Threat’s non-compliance
detected, reversal RA issued

Figure39 The principle of TCAS avoidance and the reversal acitdROCONTROL, 2016)

ALIM A>B — downward RA selected

CPA

Figure40 Manoeuvre's direction SelectiofEUROCONTROL, 2016)

\

ALIM A=B — upward RA selected to
prevent altitude crossing

CPA

Figure41 Uncrossing selection (EUROCONTROL, 2016)
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5.4.5 The Traffic Display Symbols and the Annunciation of Advisories

The TCAS has standardised the symbol and colours of the traffic that displays to eliminate the
human error and to facilitate the interpretation of the situgti@meywell, 2006)(Figure4?2)

shows all the displayed symbols by the TCAS system with its co({@ROCONTROL,

2016) The yellow circlds theintruderaeroplane, whicissues the TA. The red square is the

threat aeroplanevhichi ssues t he RA. | f the intruderso
display as relative altitude on top of the symbol for intruders in above, and bottom if the
intruder is below. The numberditates (100 feet), i(Figure £), the last symbol means 200

feet above the own aeroplane, and the arrow indicates if the intruder is climbing or descending.

The TCAS system verbally announces the alert in the co@kfilitams, 2004) The TA alert

i s announced a,svheredsrtre Risiarcavoidancerdisionthatdhe TCAS
system provideto thepilot, Table9 which shows the aural annunciation of the RGSAA,

2011) Moreover, all the decisions are displayed on the display unit for the visual alerts and
the magnitude of the decisions according to the abometioned symbolqFigure43) is an
example of a TCAS display ufEEUROCONTROL, 2016)
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Own aircraft

+ A

Other aircraft

OO

Proximate aircraft

0

Intruder aircraft

Threat aircraft

Vertical trend arrow and
relative altitude

Figure42 Traffic Display Symbol (EUROCONTROL, 2016)

Figure43 TCAS display Unit (EUROCONTROL, 2016)
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Upward sense
RA

Climb
Crossing Climb

Maintain Climb
Maintain Crossing Climb

Level Off
Reversal Climb

Increase Climb
Preventive RA
RA Removed

Required vertical
rate (ft. /min.)

1500
1500

1500 to 4400
1500 to 4400

0
1500

2500
No change
n/a

Table9: RA AuraAnnouncements(EUROCONTROL, 2016)

Aural

Climb, climb

Climb, crossing climb; climb,

crossing climb

Maintain  vertical  speed
maintain

Maintain  vertical  speed
crossingmaintain

Level off, level off

Climb, climb NOW; climb,
climb NOW

Increase climb, increase clim|
Monitor vertical speed

Clear of conflict

Downward sense
RA

Descend
Crossing Descent

Maintain Descent

Required vertical
rate (ft. /min.)
11500

11500

11500 to
14400

Maintain Crossing 11500 to

Descent
Level Off
Reversal Descent

Increase Descent
Preventive RA
RA Removed

14400
0
11500

12500
No change
n/a

Aural

Descend, descend
Descendgrossing descend;
descend, crossing descend
Maintain vertical speed, maintain

Maintain vertical speed, crossir
maintain

Level off, level off
Descend,descend NOW; desceni
descend NOW

Increase descent, increase descel
Monitor vertical speed

Clear of conflict
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5.4.6 The TCAS System Components

The TCAS system is an avionics system that consists of many units and antennas, which
collect data, then analysesfiod the optimum manoeuvre to avoid a collisi@figure44) is
an illustration of TCptEURICONTROL, 20163 oloneng r o p |l an

are the systembs units and antennas:

1 Air Data Computer: this is the heart of the system, where all the processes perform;
surveillance, intrudetracking,threatdetection, avoidanemanoeuvre determination
and advisories generatigRAA, 2011)

1 TCAS and Mode S Transponder Control Panel: this is where the pilot can control the
system and select the desired mode and sensitivity (@EROCONTROL, 2016,
CIRCIU and Luchian, 2014)

1 Antennas: there are two TCAS antennas, located on top and bottom of the aeroplane,
which is for transmitting interrogations (1030 MHz) and receiving the transponder
replay. (1090 MHz{Williamson and Spencer, 1989)he other two antennas are also
located on top and bottom of the aeroplane and are the Mode S transponder antennas,
which receive interrogations (1030 MHz) from other the TCAS system and réplays
them. (1090 MHzJEUROCONTROL, 2016)

1 The conmction between the TCAS and Mode S transponder: to coordinate the RA
with other TCAS Il equipped intrudefEUROCONTROL, 2016)

1 Connection with altitude altimeter and radar (radio) altimeter: to determine the
aeroplanet6s altitude, and when the aeropl
it stops issuing RA(EUROCONTROL, 2016)

1 Speakers: forwal annunciation of TA and REFAA, 2011)

1 Cockpit display: there are many kinds of display units for the TCAS system in

aeroplanes. However, they all display the same inform&tibitiams, 2004)
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MODE S
TCAS DIRECTIONAL ANTENNA

ANTENNA

AURAL
ANNUNCIATION

COORDINATION
& INHIBITION

EFIS or TCAS DISPLAY

{
AR DATA TCAS +Mode S
RADAR ALTIMETER[= /0K DATA CONTROL
(ADC) FLAPS PANEL
RADAR ALTIMETER \A
ANTENNA LOWER TCAS MODE $
ANTENNA ANTENNA

Figure44 TCAS system's Components (EUROCONTROL, 2016)

5.4.7 Coordination, Complementary Decisions and Performance Monitoring
in TCAS System

One of the most substantial advantagé the TCAS system is the automatic coordination
between aeroplanes before issuing the avoidance manofeAre2011, Munoz et al., 2013,
Kuchar and Drumm, 2007)This function allows the system to provide complementary
decisions, which is acknowledged by both aenogda In order to have this Resolution
Advisory Complement (RAC), both aeroplanes must be equipped with TCAS system
(EUROCONTROL, 2016)The coordination establishes after the detection of the intruder, by
the first surveillance interrogation, via the mode S transpqidek, 2011) Once the TCAS
declares the intruder as adhit, it starts the connection via the Mode S data(lilkrugan

and Oblah, 2010)The first aeroplane which detects the other as a threat calculates the
avoidance manoeuvre and send its selettidine threatening aeroplane to restrict its selection
of the avoidance manoeuvfEUROCONTROL, 2016)For example, if the first aeroplane
decided to descend, it will inform the other about its decision to restrict it from descending, so
the threatening aeroplane will avoid the collision by climbing Uy doordinated decisions
(RAC) function is introduced to prohibit the TCAS system from providing the same avoidance

decision to the aeroplanes, which leads to-anictollisions.

After the Resolution Advisory (RA) is issued, the TCAS system monitors the performance of

the aeroplanes and the vertical separation at the CPA every one Ge&and011) However,
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sometimes the issued RA does not provide enough separation between aeroplanes, because
even or of the pilots are nahanoeuvring the RA properly, or the issued RA is not sufficient
enough for a safe passing distan€igre 45). As a result, the magnitude of the issued RA

will be increased, or it will be reversed to prevent the colliskEigufe 46) (Kuchar and
Drumm, 2007) Avoidance decision without crossing in front of the intruder is more
favourable, but if it is not possible then a crossing decision will be provided (Higur€he
scenarios wherédné RA is reversed can be; firstly, the intruder is not equipped with a TCAS
system, and it follows the ATC instruction for collision avoidagie®A, 2011) Secondly, in

case of automatically coordinated avoidance decision has been made in the same direction by
both aeroplaneEUROCONTROL, 2016)In this case, the aeroplané&wthe higher mode S

24-bit address will reverse its RA and coordinated with the lower modelft 2ddress one

(the lower one is not allowed to reveres its Ri&)ichar and Drumm, 2007Thirdly, in case

one ofthe pilots is not following the RA, which is issued by the TCAS system. However, the
monitoring and reversing techniques are of great importance to reduce human errors and

enhance the flight's safety be preventing the-aiaollision.

\

“Descend,
descend” RA

“Increase
descent” RA

Figure45Increase descending, as a result of performance monitoring (EUROCONTROL, 2016)

Initial projection

.
ot
.t
.
.

Threat increases
descent rate

CPA
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“Climb,
climb” RA

.
l.-.
0"‘
-‘.

o

“Descend,
descend NOW” RA

CPA
Figure46 RA reversal (EUROCONTROL, 2016)

Upward RA would not satisfy the
ALIM, altitude crossing RA selected

CPA

Figure47 No decent separation, crossing path selection (EUROCONTROL, 2016)

5.4.8 Pilot responses to TCAS alerts

The TA alert is only to inform the pilot about intruders, and he/she should not manoeuvre the
aeroplane as a response {@AO, 2006) However, once the TA is received, the pilot should

be ready for any potential RA with all available means of the best action. Moreover, the TA is
also to help the pilot in the visual acquisition of intruders, but pilots should be careful when

visually aquire intruders as they may not be the same which issues tECA®, 2006)

Once the RA is issued, the piloust follow its decision within five secon(fSAA, 2011) For

the importance of following the RA to meet the ultimate objective of the TCAS system, which

is eliminating the miehir collision, the flying regulation has been amended as following;
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Al n the even tshalbréespoachimniediately pyifdllawing the RA as indicated
unless doing so would jeopardise the safety of the aircraft. The pilot must not manoeuvre
contrary (BUROCONTROILR 2006)

Additionally, pilots must follow the RA even if it does not comply with the Air ficaEontrol

ATC instructions, as the ATC does not recognise th€IRAO, 2006) Also, the RA must be
reportedto the ATC with its direction and deviation from the original path, once the situation
allows this(ICAO, 2006) In case of any modification or reversal in the RA, the pilot shall
comply with it. Once the conflict is clear, the pilot should return to the ATC instructions and
inform them when he is back on the original path unless otherwise has been instribted by
ATC (ICAO, 2006)

5.4.9 TCAS Limitation

In order to obtain the maximum benefits of the TCAS system, thes pilast respond to the
TCAS indications correctly and within the time frame of the alerts. Hence this needs effective
and recurrent training in all scenarios and procedures of the TCAS system, to gain an adequate

level of experience to respond to the TCAS8ications correctlfICAO, 2006)

As the TCAS system is relying on the interrogation and transpaedengue; however, the

system cannot detect any atsansponder intrudéFAA, 2011) In addition to this, the TCAS

needs to receive the intruderos altitude, w h
the RA(Honeywell, 2004)Accordingly, if the altitude information is not available, the TCAS

cannot calculatéhe avoidance manoeuvre and cannot issue the RA. In the case of no altitude

information, the system will issue the TA only without the relative alti{fded, 2011)

The TCAS system does not display or issues the TAs/RAs for intruders that have a vertical
speed of morehian 10,000 feet/minui@&@UROCONTROL, 2016)

The TCAS system works independently from any other navigational system or connection
with ground stations. Thus, the ATC will be unaware of the TCAS indications, which can
cause confusion or conflicting orders to the TCAS decis{blameywell, 2004) Moreover,

the pilot shall inform the ATC aboutalRA and its direction once the workload on the cockpit

allows doing so, which can be a source of human error of extra woik©a@, 2006)

114



5.5 Chapter summary

In this chapter, the technical details and specificatibthenavigational equipmettiave been
discussed for the maritime and the aviation industrieses&@htechnical details and
specificationshave provided a complete understanding of the available systems and
technologies on ships and aeroplanes. Moreoverchiaigterhas provided valuable source

of comparison between the two industries and @eeeficial information thawvill help to
improvethenavigational dutyn-boardships. More specifically, this helped to understand the
utilised automatic collision avoidance system in the aviation industry, the TCAS system,
which provideduseful technique$o be developed to enhance the maritime sadetythe
development oén automatic collision avoidance system for ships.
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6 The framework of the proposed collision avoidance
model

6.1 Introduction

In this research, an extensive study has been carried out about the ship navigational bridge in

the context of navigational aids, equipment and the information presentation to the OOW.

More attention is given to the availability and efficiency of collisimoidance systems and

the risk of collision assessment methods. This research reveals the need for an automatic
decision support system for collision avoida
and to allow more time for data analysis and decisiaking by OOWSs. In addition, it appears

that all navigational aids and equipment are information systems only, which leave all the
analysis and decisions to the OOW. However, this leads to subjective decisions based on the
understanding and interpretatiof the situation.

Although other scholars addressed the needs for automatic collision avoidance system and
suggested framework and models for the systems, none of these studies has considered the
data link and decision sharing techniques with otherssitjpwever, this study proposed a

new approach for collision avoidance process by introducing the printigéalink channel

bet ween ships and decisions sharing technigq
procedure and technique will enhanceuaional awareness by providing réiahe and
broadcasted information about al | targetds |
ships navigational information and decisions. These procedures and techniques will remove

the uncertainty of the coliien situations and the ambiguity of COLREG regulation by
knowing other ships6é actions and their effic
will reduce the cognitive load on the OOW, by reducing targets monitoring time for such

detection ofaction and the efficiency of actions.

This frameworkis inspired by the Traffic Alert and Collision Avoidance System (TCAS),

which is used in the aviation industry to prevent4aiidcollisions. The TCAS system has

proven its reliability as a collisieavoidance system; however, this system became mandatory

for all aeroplanes. Moreover, pilots are regq
decisions as it has been mentioned in the International Civil Aviation Organisation document

ICAO (Procedurs for Air Navigation Services).
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The suggested data link and decision sharing techniques utilise electromagnetic waves to
overcome the radar deficiencies in target detections, and faimeabroadcasted information

or parameters of other ships. Howevevery ship will be continuously transmitting the
interrogation message, when the interrogation message is received by ships in the detection
range, they send back a reply messages, where these interrmgataeply messages have

the ships positions anolsic information (speed and course). This technique will be more
accurate than the current process of calcul ¢

will overcome the weaknesses of the AlIS system, as discussed earlier in chapter five.

Additionally, information flow control and management for better data processing and display

are developed. This will allocate all the essential navigational information in one display unit

in a | ogical presentation to i mpgwllendanteche OOW
the overall situational awareness by collecting and displaying all relevant information in one

place to avoid missing valuable information by collecting them from different equipment and
locations. Furthermore, the system can alert the CabW@it dangerous targets and the best

action to avoid a collision, based on COLREG regulation.

6.2 The main aim of the Automatic Collision Avoidance System

The main aim of the Automatic Collision Avoidance System is to enhance navigational safety.
This aim will be achieved by improving the information flow and control in the navigational
bridge in addition to the information exchange between ships in theityicHowever,
implementing these techniques will improve situational awareness with better understanding
and interpretation of surrounding situatioMreover,sharing the information with ships in
vicinity lead to better situational awareness for aipshnvolved in an encounter situation.
This will ensure the availability of all essential navigational information which is required by
all ships in the vicinity. Accordingly, with the information flow and control technique, the
information will be sortedby its importance to navigational decisions within one display unit,
which will process all the information. This will solve the problem of poor ergonomics and
design of the traditional navigational bridge, which needs data collection from different

systens and locations.

The availability of accurate navigational information is crucial to enhance navigational safety
generally, and especially for collision avoidance decisions. Consequently, sharing this
information helps in sharing the same mental modelrgnasl ships in the vicinity, which

ensure correct understanding and interpretation of the real situations by all shiggnmReal
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information about other targets gives the OOW more time for decisions making that also
supported by the required and welksented information to evaluate the best actions to avoid
conflict situations. Indeed, this enhancement in information flow and sharing encourage the
OOW to achieve more reliable and objective decisions based on the actual situations.
Additionally, it cutsthe likelihood of making subjective decisions that built on wrong

understanding and interpretation of the surrounding situations.

Moreover, where every ship is forecasting its parameters, this makes it possible to detect
targetsd i nit i ahdachaceodimgyrotasoid callisiond. Binally, the new
system can suggest the best actions to avoid collision situations. These actions are categorised
as; COLREG compliance, COLREG noampliance, Best action and the fashute action

to avoid collisons. However, the OOW will be sedissured about the navigational decisions

and its efficiency to prevent conflict situations.

6.3 Collision Avoidance System for Critical Situations Only

The proposed models for collision avoidance focus on critical collstoation. This is to
prevent the immense danger of ship collision from happening, which will protect life,
properties and the environment. With these considerations having the highest priority, the
system design has ntatken into accourdome route optimsation aspect. Consequently, the

shortest route is not always selected by the system to avoid collisions.

Furthermore, not the fastest route should be selected for all avoidance actions. Economically
efficient routes are not feasible at all times foris@h avoidance. Also, neanvironmentally
friendly behaviours are essential in some critical situations. Finally, the smallest course
alteration is not necessarily possible to avoid dangerous situations. All these factors are not of
the utmost importancerhen it comes to collision avoidance due to the fact that other more
essential restrictions need to bddressed firstThus, COLREG instruction in avoidance
manoeuvres should be followed at all times. Then, actions result in further navigational
complexesare prohibited. Additionally, the und&eel clearance and water depth could limit

the availability of sea room for manoeuvrability. The most crucial factor that should be
considered when actions to avoid a collision or critical situation are abouta&dyeis the

safety of the ship and navigation. Therefore, the developed collision avoidance system
provides the optimum action to ensure the safety of the ship at all times. The next section

discusses the developed models for collision avoidance.
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6.3.1 The sysem architecture for the developed collisioravoidance models

In generalthe traditional collision avoidance procedures are characterised by only providing
the required information to the OOW, without decision support. However, this information
needs tde processed and analysed to gain valuable meanings that will help decision making
for collision avoidance. Additionally, technological advancement in the shipping industry and
the enhancement inclination of marine navigation are increasing. This traagéorns
following the path of automated calculations and processes. Moreover, it takes long time to
develop and approve a new navigational system, which leads to poor planning and improperly
designinga bridge that hasnadequatdayout systems and lackK ergonomically integrated
navigational equipment. Especially for old ships where they need to fulfil the requirement of
new regulations by retrieving the new equipment in any empty space on the bridge. As a result
of all these factors, the current navigagal systems only provide information to the OOW,
then additional processes, by the OOW, are required to gain full understanding and
interpretation of the situation.

Unfortunately, these information systems are not sufficient for conducting safe ranadati

watches these days, where high traffic density and increased sizes and fast ships are cruising
around the oceans and especially coastal waters. Consequently, the OOW has less time to
detect targets, collect their information, analyse it and take ti& appropriate actions to

avoid critical situations. Moreover, there is a higher chance of missing information and human

error occurrences with the high number of navigational aids equipment and information
analysis.Any wrong or missing information afec t he OOW&6s situational
deteriorate the interpretation of the situation, which causes a wrong decision making by the
OOW.

In order to improve the collision avoidance procedures, it is vital to develop a decision support
system that helps tHeOW in decision making. In this case, the system will be able to do all
the analysis and provide processed informaitiche OOW who will thenconsider the best
avoiding action. Furthermore, the system can calculate and provide the best actions to avoid
critical situations. It is appropriate for the case where a reliable system is critical, it is essential
to feed the system with full and accieranformation about all targets in the vicinity. In order

to do this, it is essential to develop new techniques for data link and sharing to ensure the

availability and accuracy of information.

The beneficial side of these techniques is to enhance sitahtawareness by better

information availability and sharing between ships. Hence the system is meant to process the
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data; this will give the OOW more time for decision making, as well as correct understanding
and interpretation of the situation. Alsoasing the same mental model of the situation among

all ships in the vicinitywill enhance the overall situational awareness.

This section will discuss two models, which have been developed to operate as automatic
collision avoidance systems. The first mb@ea modification to the traditional collision
avoidance procedures that aim to enhance navigational safety by improving data exchange and
availability. The second model is the proposed new automatic collision avoidance system. This
proposed system haesw procedures and techniques that are developed to automate the whole

collision avoidance procedures in the navigational bridge.

6.3.2 Model 1, The traditional collision avoidance procedures with new
techniques

In model one; there are no proposed clesnigp the current collision avoidance practices.
However, new technigues are introduced to
actual interpretation of situations, especialty critical situations. The proposed system
architecture is explaineid (Figure ). As it has been mentioned in this model, the current
navigational practices have not changed, where it starts with the standard navigational
equipment monitoring plus the visual lookout. This is to help in conducting a safe and
successful voyag which needs to fulfil the four stages of passage planning; appraisal,
planning, execution and monitoring. Thus, the first stageis@raled inthe initial step, which

needs to be completed before leaving the berth. In the navigational watch, the G@df m

the performance of the ship and ensure the best execution of the passageetdares

Additionally, the OOW must detect any critical situation at an early stage and take the required
actions to ensure the safety of the ship. One of the mosgedars situations at sea, yet
frequently happening, is a collision with other ship. Despite, all the efforts are being carried,
by stakeholder, to stop maritime collisions; still contacts and collisions are entailing of 34%
of the maritime accident&EMSA, 2017) This has motivated the researcher tiise new
technology to find solutions for such an issue. Accordingly, four new techniques have been
proposed in which they can improve thailability of information and remove the ambiguity

of critical navigational situations;
1 Datalink, sharing and echange.

1 Decisions sharing and acknowledgement.
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T Targetds information availability.

T Targetds information and decisions vali

In general, the execution and monitoring duties are the same as the classical navigational
duties. Monitoring the navigationafjuipment, in case of collision situation development, then

the OOW collect the required information to analyse the case. If it is a collision situation, then
according to COLREG, the best action to avoid collision must be taken by theayweessel.

Using the proposed model, a data link connection needs to be established for data sharing and
exchange. A data exchange channel between own ship and the target vessel will establish a
connection channel for data exchange. This channel transfers all theedeipfiormation
between both ships. First, the essential information about ships movement will be available,
including positions and direction, for accurate interpretation of the situation and decision
making. Second, when the givey vessel decides tokiaan avoidance action, the staomd

vessel will be informed about the action. Also, the stamdressel should acknowledge the
awareness about the avoidance manoeuvre and actions. This technique will remove the
ambiguity of the collision situation by enfg both vessels involved in the situation are fully

aware. Also, this confirms that the required action is taken by the responsible ship.

Additionally, if the giveway vessel is not taking the required avoidance action, or if its action
alone is insuffient to avoid the collision, the staiot the vessel will be aware of this through

the decision sharing and acknowledgement technique. Where in the current collision
avoidance practises, thasmo technique that immediately infosithe OOW if the givevay

vessel is taking action or not, it is only by monitoring the target and detect its movement and
the ARPA system, which takes up to three minutes to give accurate data. The required
avoidance action should be taken as early as possible, by theostagksel, according to
COLREG. Likewise, if the own ship is the staod vessel, she will be attentive about the
tar get sway) podsiougngss abeut the situation. This will allow the stanithe

vessel to evaluate and validate the giva y v eastisretd @vsid the collision, and if

necessary, she can take the required action.

The implementation of such techniques will allow a cleleegh decisioamaking process for
collision avoidance. This will confirm that all parties involved in a critidalksion are alerted,
informed of actions were taken by any vessel and can validate the actions and act accordingly.
Furthermore, this will improve the situational awareness level for the OOW, for the safer
maritime environment. It is essential to mentibattall these datbnk connection, sharing

and exchange happen automatically without human intervention. The only required action by
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the OOW is to acknowledge the alertness abo
validate them to ensure the sgfef the ship. The new proposed technique is illustrated in

(Figure ), which are the data link and manoeuvring acknovdedmt features between own

ship and the target ship. (Figure 8), the automated processes are labelled by the green

colour and the manual processes, which need the involvement of the OOW are labelled by the
orange colour.
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6.3.3 Model 2, The proposed New Automatic Collision Avoidance System

The new suggested collision avoidance procedures are based on full automation for the
collision detection and avoidance processag\an in(Figure 49). This automation will only

leave the execution to the OOW, with suggestions from the system about the best action to
avoid the collision and furth@onflicts. Basically, the new system exchanges data with other

ships, then processit with own shp 6 s dat a, to provide the OO
collision avoidance suggestion. However, the availability and accuracy of the data to be
utilised by the system is vital to have reliable resiitgFigure 49), the green colour indicates

the automatic prazsses that done by the system, the orange colour shows the manual input of

the required parameters and theygcolour are the information available to the OOW for

monitoring.

The basic principle of the new proposed model is the automation of thetiemadjprocesses,

also by sharing data and decisions between ships. The main aim is to promote a robust
situational awareness, based on correct and accurate information to structure a right level of
understanding and interpretation of surrounding situatids it has been mentioned before,

all navigational aids and equipment on traditional bridges are information systems only.
However, the OOW is required to collect the data, analyse it and decide the best actions. The

new procedures propose a fully autdeabcollision avoidance process. This will be achieved

by;

9 First,an automatic collection of all required data from the navigational equipment and

Sensors.

1 Second, processing the own shipbés infor me
values. This inludes consideration to the COLREG regulation, to satisfy own ship

conditions and capabilities.

T Third, retrieve target shipsd6 informati or
resolve other targets situat icisian.Bgthis i nf |
stage, the system will calculate and process all necessary data and information to
conclude the navigational and collision situation (Head Crossing Givevay,

Crossing Stan@n and Overtaking) and decide the collision avoidance respdresb

(standon or giveway) in relation to COLREG, if the risk of collision exists.

124



1 Fourth, the information display and availability stage, where it is categorised in four
groups; Collision Avoidance, Tracking and Passage Progress monitoring,

Navigatianal Information and Ship Performance and Capabilities.

In Collision avoidance stage, the system recognises suspected targets, threating targets and
targets in a collision course, together with
After this, it provides the OOW with the best action to avoid the collision and theilaste

action. After collision avoidance calculation and decision, the system implements the
technique of Decision Sharing and Acknowledgment with the target shipke her aware

of the collision situation and the avoidance action. Likewise, the Data Link, Sharing and
Exchange are implemented between both, own and target ships, forlomgedanoeuvring
decision and better situational awareness. Accordingly, tlez tittee groups of information
displays are for monitoring and general awareness purposes. However, this information is
displayed in one place to make it convenient for the OOW to retrieve the required information
promptly. Additionally, with the new autaatic collision avoidance technique, the OOW wiill

focus on the decisions rather than the analysis and detection processes. Moreover, the
decisions support technique, which advice the OOW about the best action and last minute to

avoid collisions.
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6.4 Definitions of terms and techniques used in the system

This section will explain the terms that are used in the new collision avoidance system to
enhance usability and to develop a bettederstanding of the system utilisation. Then, to

improve the standardised phrases and terminologiesisedft he systembs oper

Data-Link: is an automatic communication channel between ships and shore station in the
navigation area. This channelaals the ship to send and receive digital data automatically for
all other ships, within the detection range, to be used for collision avoidance calculations.

LastMinute Action the last minute for a ship to take action to avoid a collision. Aftetithés

the collision is unavoidable by any action (no return moment).

Sharing Informationto exchange navigational data between ships in the vicinity to allow the
automatic collision avoidance system to perform the required calculations. Also, to enhance
the OOWb6s overall situational awareness.

Decisions SharingAutomatic sharing of avoidance decisions with the target ship (in real
time), to make them attentive of the avoidance actions. To share the same mental model of the

situation.

Decision acknowlggement after performingthe decisions sharing technique, it should be
accepted by the target ship, to ensure the

and the avoidance manoeuvre.

Information flow and controlthe management of navii@nal information based on its
importance and relation to the navigational situation. The availability of the required

information at all times in a usétiendly display.

Mental model share the same understanding and interpretation of the actualtizeagba

situation by all ships and people engaged in the navigational duties.

Suspected targetsargets are not on a collision course, but still needs to be aware of them to

avoid future confliction.

Threatening targetstargets on a collision course,thbwmo action is required to avoid the
collision, careful monitoring is required. This can include the following scenarios;-8tand
situations, Traffic Separation Scheme (TTS), near-p@pt, course alteration, Ships

responsibilities, etc.).
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Targets incollision coursecollision situation exists, and an avoidance manoeuvre is required.
Alerts warnings about critical situations.
Advice the required action to be taken to avoid critical or collision situation.

Best time to take actiothe best timea perform the optimum avoidance manoeuvre.

6.5 The Data Link and Exchange Channel method

For the data link and exchange channel technique, the new-dexigopment system, the

VHF Data Exchange System (VDES), is proposed to be utilised. This system has been
developed by The International Association of Marine Aids to Navigation and Lighthouse
Authorities (IALA) to enhance the digital data exchange for the maritime VHF radio band.
The VDES system has already been developed, and the International Telecoriomunica
Union (ITU) has approved the operational standard (RecommendatieRNT.20920) for

the utilisation of the system in the World Radiocommunication Conference {VBRG\LA,

2017) The only issue that needs to be approved is the satellite emangfor the VHF data
exchange (VDE) channel, which is expected to be completed in the AWRCTALA, 2017).

The primary consideration has been taken when developing the VDES system to the e
navigation concept and its requirement of data linkandédhange. Thus, the | M
of the enavigation concept is,ii t hharmonized collection, integration, exchange,
presentatiorand analysis of marine information on board and ashore by electronic means to
enhance berth to berth navigati@nd related servicesfor safetyand securityat seaand
protection of the mar i ne e n.vindeed, ntha emavigation concept was the core
inspirational aspect that has been considered in developing the maritime collision avoidance

system.

Additionally, the TrafficAlert and Collision Avoidance System (TCAS), the aviation collision
avoidance system is the other influencing system that has been studied to develop a similar
collision avoidance system for ships. The main feature that attributed to the successful
development of the TCAS system is the ability to exchange and coordinate the avoidance
manoeuvres between aeroplanes. Therefore, developing such a data link and exchange channel
techniques for ships, to be utilised for collision avoidance, will assist the OONdke the

right decision and reduce ships collision at geguie 50). Further details about the VDES

systemare availablén the chapter (5).
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6.6 Threat Detection technique

For threatening target detection, the proposed model will utilise two techniques for the
detection of the ultimate target.

First Technique is the VDE®-VDES system as aiinterrogation and respoétechnique for

both ships equipped with the VDES systdmthis case, own ship will send an interrogate
signal to other ships in the vicinity (Figusg). When a target receives the interrogation signal,

it responds by sending a reply message that contains the required information for collision
detection (posion, course, speed, bearing and range, the AIS information) (Fguré&his
information will be used in the mathematical calculation model to find out if a collision
situation exists. Then, if the collision situation exists, the model calculates thee/bemnce

action and provides it to the OOW.

The second technique is the VDESnone VDES ships using the current radar system
(ARPA) onboard ships. For the notMDES equipped targets and threats (including fixed
objects, buoys, lighthouses, lands;.etThis will be less accurate than the VDES detection
method, depending on the quality of the radar echoes. However, it is vital to detect targets that
are not equipped with the VDES system. Although, in this case, the automatic collision
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avoidance systa (on own ship) can collect the required dataiifthe ARPA system, and
calculate the collision avoidance manoeuvre. Nevertheless, iniDB& equipped targets

the function of decision sharing and acknowledgement will not be available.

Figure51 Interrogation technique
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6.7 Automatic coordination and connection for decision sharing
and acknowledgement

The main feature of the proposed collision avoidance procedures is the coordination of the
avoidance decision between ships in a collision situation. This is an automatic process that
allows the system to share the decided manoeuvre by thevgiveesselvith the stanebn

vessel. Additionally, the starmh vessel is required to acknowledge its alertness about the
collision situation and the decision being taken by the-giag vessel to avoid the collision
(Figure ).

The main advantage of such a teclieidgs to enhance the overall situational awareness in all
ships that are involved in a conflict situation. Furthermore, this will remove the ambiguity of
COLREG regulation, especially rule 17 (steord vessel). As a starah vessel, she should
maintain hecourse and speed, and keep monitoring if the-giag vessel is taking avoidance
action and if this action is enough to avoid the collision. If the-giag action is not enough,

or no action is taken, then the stamvessel must avoid the collision bgr own manoeuvre.
Accordingly, sharing the decisions and acknowledge them will remove all these ambiguities
of the situation.
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Moreover, it will allow the standn vessel to know, early enough, if the givay vessel is

not taking any avoidance action artactions alone is not adequate to avoid the collision, and
she can act accordingly. Such a technique will allow the involving parties to share the same
mental model, which will enhance human performance and decision making. Likewise, this
will improve the human response to emergency situations and have a real understanding and

interpretation of the surrounding situation.

Figure53 Avoidance action and decision acknowledgement

6.8 Sensitivity level for targetsdetection

The sensitivity level determines the range of interrogation on which the system runs the
calculations and provides an avoidance manoeuvre in case of collision situation. This is to be
selected by the OOW to decide how far the system reactarfggts that might threaten the

own ship(Figure ). Thus, the system will ignore targets that out of the selected sensitivity
level to prioritise ships within the detection range. Therefore, upon the selection of the
sensitivity level, several navigatiahfactors need to be well studied to avoid elmge quarter
passing or collision situation from developing. First is the area where the ship is sailing in,
such as; open water (ocean), restricted areas, narrow channels, TTS, restricted depth, etc.
Accordngly, the sensitivity level will stop unnecessary alerts communicated to uncritical
targets, and allow the OOW to focus on the dangerous situation, which needs immediate
action. This can be the case in crowded areas, where the priority should be giken to
surrounded targets rather than further away targets. Also, this function is useful in TTS, to
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reduce the number of unthreatening targets that navigating out of the TTS. In nutshell, this
will reduce the nuisance of unnecessary alerts, which coultdégaborance of critical alarms.
This is due to the fact that the OOW losses the trust in the alarms if they do not provide real
support when they are required the most, and keaiging alarmsunnecessarily and

frequently.

Own ship

Figure54 Sensitivity level and target detection

6.9 OOW execution of the avoidance manoeuvre

After the running of the collision avoidance calculation in the mathematical model, the system
will provide the avoidance decision to the OOW. Henihe OOW is responsible for the
execution of the avoidance manoeuvre, which is provided by the system. Once the OOW starts
executing the avoidance manoeuvre, the system automatically shares the actions with the
target ship. This is to confirm the awares®f the OOWN thetarget shipabout the situation

and the action. Indeed, the OOW is required to execute the avoidance actions due to the lack
of international regulation of the use of automation in maritime navigation. Thus, it will be
confusing to assign the responsibilities, amtmginvolved ships in the collision, whether to

blame the autonomous system, the manufacturer of the system or the OOW.
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Moreover, this will result in an increase in the insurance prices so the insurance companies
can cover the damages and costs. Theretbeeautomatic collision avoidance system is a
decision support tool to help the OOW to take the best action to avoid a collision at sea.
Moreover, this will give longer time for analysing the situation and the decision where all the
required data and aotis are available in advance. This left the responsibility to the OOW to

ensure the safety of the navigation.

6.10 Alerts status; Green, Amber and Red

The collision avoidance system is capable of providing three status of navigational interaction
with othertargets in the vicinity. This is to alert the OOW about the navigational situation,
with regards to targets in the surveillance limits. Thus, this will clearly inform the OOW if it
is safe to navigate with no actions need to be takbather cautiomeedso begivento any

of the targets in the surveillance limitlternatively, if action needs to be taken to avoid a
collision situation. The status of these alerts is clearly illuminated and audibly announced to
ensure the alertness of the OOW about ituaison. Therefore, these alerts are to be coded as;

green, amber and red. The explanation of each of these as follows.

1 Green: no action, no threatening targets: where it is safe to navigate, and no threat is

detected, no action needs to be taken.

1 Amber: no action required, suspicious targets, close passing-lsyanelssel: where
it is safe to navigate with caution needs to be given to a target/targets that are passing
in a close distance. In this case, the situation can easily and rapidly develop into a
collision situation, where action needs to be taken. Also, this can be the case of being
a staneon vessel in a crossing situation. However, the OOW needs to ensure that
action is being taken by the giveay vessel. If the givavay vessel is not taking an
avoidance action, or its action is insufficient to avoid the collision, then the OOW
needs to take action to prevent the collision from happening. If the situation has

changed to a collision, the alert wildl c h

1 Red: action required, collisiosituation: where a collision situation exists, and the
OOW needs to take action to avoid the collision, in this case, the system will audibly
announce the alert as Acollision, col |l is

model will provide the besiction to avoid the collision.
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6.11 Alarms and decision acceptance by other targets

The system provides an alarm when a target ship is in a collision course with own ship, and

she is the givavay vessel. This is to alert the OOW, on own vessel, atheusituation.
Further mor e, this is to share the target s hi
through the decisiosharing technique. In such a case, the OOW on own ship must
acknowledge thawarenesa b out t ar get s schst his@waremesstabootthe t o |

situation.

On the other hand, if own ship is the giway vessel and she shared an avoidance decision

with the target ship, but target ship does not respond, an alarm will be set off. This is to alert

the OOW that the targebhip is uninformed of the collision situation and unaware about own
shipbébs decisions to avoid the collision. I n
about the situation and does not assume that the target ship is aware of the actions being take

6.12 System override to stop unavoidable collisions

As the last barrier for collision avoidance, an additional feature is introduced to mitigate the
consequences of a collision, or perhaps stop it from happening. A system override technique

is intended to take cont r ol doingthig, ihvell resgondp 6 s ma
to a collision situation without the intention or intervention of the OOW. This can only happen

when the collision situation becomes critically dangerous, and if no action is taken
immediately, the collision becomes unavoidaBle an overriding technique, this can be done

in two methods. First, is to stop the propulsion system completely (or perform a crash stopping)

to reduce the speed of the ship. This will result in a reduction of the impact and consequences

of the collision without any interference to regulations and rules, as well as no further
complication can develop out of this action. Second, the system can perform the avoidance
manoeuvre, which is calculated by the collision avoidance model. The system will alert the
OOW in advance and before start overriding
options are applicable and can be performed by the automatic collision avoidance system. The
only obstacle that could disrupt these functions is the legalisation vgseee the IMO must

approve suchtechniqguBsa ut omati cally controlling the shi

will be considered as autonomous ships and they are not regulated by the IMO yet.
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6.13 Reaktime calculation

The collision avoidance nael is capable of providing retime decisions for the avoidance
manoeuvre. This requires the availability of the data so the model can run the calculations.
However, the availability of the data depends on other systems and senrsossdown ship
andtarget ships. As it was mentioned before, the VDES system is theuggssted method

for data collection and sharing between ships. Thus, the VDES can be used as a database for
all the required information. Then, the collision avoidance system getd &deethe VDES

with the required information to perform the collision detection and avoidance calculation.

6.14 Chapter summary

A thorough discussion has been completed in this chapter to explain the architecture of the
developed allision avoidance system. This includes the operational principle and techniques

that are followed to develop the system. This technical chapter has given details about the new
systemdés functions and its rel atrdilglyths t o th
ensures a comprehensive automatic collision avoidance system. This system is capable of
providing the best decision that guarantees the safety of the ship.
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7 The collision avoidance model, mathematical calculation
and formulas

7.1 Introduction

The closest point of approach (CPA) is the most used method to evaluate the risk of collision
at sea to date. The CPA used to be calculated manually on a radar plotting sheet, where the
OOW plots three (minimum) consecutive plots from thearamtreen and calculate the target
shipbébs information based on these plots. Ho
assess the situation and begin the calculation for each target in the vicinity. In modern ships,
the ARPA system (integrated witlS) provides all the required information for acquired
targets, then the OOW does the analysis and performs the best decision to conduct a safe
navigational watch. Due to the increased number of ships and the traffic density, this has
restrained the OOW sapability to monitor all targets around his ship. Also, it paves the way

for potential human errors which contributeatoaccident at sea. Accordingly, the main aim

of this model is to fully automate the collision avoidance process and provide the @OW w

the best action to avoid the collision. First, the model starts with the automatic acquisition of
suspected targets, which have smaller CPA than theegrtéred minimum CPA selected by

the OOW. Then it provides the best actions to avoid the collisitirer by reducing the speed,
changing course or speed and course to pass the target ship safely and according-to the pre
required CPA. The availability of such a decision support systeboard ships will reduce

the probabilities of human errors. In ddtgh, this will give the OOW longer time to evaluate

t he situati on and t he avoidance deci si on,

information.

7.2 Assumption

In the modelling stage, a number of assumptions have been taken into considerationfyo simpl
the process. Also, to avoid oveomplicated calculations. However, some of these
assumptions will beddressedn a later stage of modelling, for development and overall

results of collision avoidance.

1 Own and target ships are considered as partitles.means the dimensions (length,
breadth, draft and weight) of the ships are not accountable in the calculations, and they

are treated as a point moving on its p@leriam and Kraige, 2012)
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9 Live data streaming is provided to the model to perform the calculation imeal
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1 The mathematical calculation solves the collision situation for fixed parameters

(course and speed). Yet, liwdreaming overcomes this issue be recalculating the

collision situation with every change prarameters.
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movement, like; wind and current). This will be discussed furthesection7.5

Weather condition (wind and current).

7.3 Models inputs, outputs, parameters andesults

7.3.1 Inputs

he

cal

The collision avoidance model requires some input data that needs to be available all the time

to calculate the collision situation and solve the problem. This data is related to ships

parameters that involved in the collision avoidance manoeuvre foohwottand target ship.

The following table presents the requidata (Tablel0);

Table10 Inputs to the collision avoidance model

Own ship

Target ship

Pre-required parameters

Speed over ground

Speed over ground

Minimum CPA

Course over ground

Course over ground

Time of minimum CPA

True bearing to the target
ship

Range to the target ship

To ensure accurate calculations, the following conditions must be fulfilled in the inputs data;

1 Courses and speeds otleeground for target and own ships should be taken to make

the calculation based ahetrue movement of the ships on the ground.
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I Target bearing must be true and taken from own ship, the angle measures from the

true north to thearget ship.

1 The range is the distance from own ship to target ship.

7.3.2 Outputs

After entering the inputs, the model performs the calculation and provides the best actions to
avoid the collision if a critical situation
prerequired CPA and Time to CPA (TCPA). The outputs of theutafion are in Nautical

Mile for distances, Knots for speeds and minutes for time. The outputs of the calculations are
presented in the followintable (Tablell);

Tablell¢ KS Y2 RSf Qa 2 dzi LJdzi &

Collision Speed change | Course change Speed and Course
evaluation Changes

CPA TCPA Pass | Pass | Pass port | Pass Course Course

ahead | astern astern

Pass Pass Speed Speed

starboard | ahead

7.3.3 Explanation of the Outputs

In order to understand the outputs of the model, it is worthgpbfting the results and

explaining each part in more details. The results are separated into four parts, as follows;

1 Collision evaluation; this is the first part of the model calculations. In this part, the
criticality of the situation can be evaluategpénding on how close the target ship is
going to pass own ship. Also, at what time this event is going to happen. This can be
evaluated by the CPA and TCPA, the smallest they are, the more critical the situation

is.

1 Speed change; this is the decision pagvoid collision by speed change. The model
provides two results, either to pass target ship ahead or astern. However, in most of
the case, it is unfeasible to pass target ships ahead as this needs a significant increase
i n ship6bs s p e eadnptreach.eMoreovet, passing &eagd in a critical
situation is not advised by COLREG. Furthermore, speed change for collision

avoidance is not recommended by COLREG, especially in the-giaster situation
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(Cockcroft and Lameijer, 2012dAlthough course change is more effective for
collision avoidancend recommendethe speed change is used in restricted wkter

no room for manoeuvre is availalfleietrzykowski et al.2016)

1 Course change manoeuviighis is the most common practice to avoid a collision at
sea. The developed model can provide up to-6ourse changes to pass the target
ship within the preequired CPA. Depending on the collision situation, it ftes
courses to pass ahead, astern, port and starboard sides of the target ship. In most of the
cases, only one of these courses is the best course to avoid collision due to COLREG
restriction or the unfeasibility of massive course change.

I Speed and coueschange manoeuvr&his is the best avoidance manoeuvre in
restricted waters. It is useful when the ship does not have enough room to avoid
collision by course change onhyhere this will provide an optimidenanoeuvre with
a minimum course and speed gba. For better results, the Speed Over Ground
(SOG) and Course Over Ground (COG) are wus
al | factors that affect tséesectom.bVWebtier mo v e me

condition (wind and current).

7.4 Mathematical Model

Mathematical algebra, geometry and trigonometric calculations have been utilised to develop
the collision avoidance modéCroft and Davison, 2003)/ector addition and substitution is
plotted on a Cartesian Coordinate system (X,y axis) to find the position and speed of the target
ship (Meriam and Kraige, 2007, Meriam and Kraige, 20Mbpreover, the trigonometrical
functions implemented to find the course and bearing of the target ship. The following figure

explains the formulas used to detect and calculate the colfisi@tion (Figure 5).
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Figure55 Collision avoidance explanation

N: True north

R: Range to target

g: Own cour s e,

CPA: Closest Point of Approach

V: Own speed, (SOG)

Vt: TargetSpeed

(Coam

Vr: Relative speed

Red: Target ship

Green: Own ship

B: Bearing to target

Vrx/Vry: Relative speed

component
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The following equations have been obtained and driven from Lenart paper, which has been
utilised with the geometric and trigopnometric calculation, to find the solutions in this model
(Lenart, 1999, Croft and Davison, 2003, Stewart, 2011)

Equations (1) and (2) calculatee position of the target on the coordinate system in a given

ti me. Where equations (3) and (4) calcul ate

® 'YOBIEqQ. 1)
& YATOEQ. 2)
WO O wi @&qg.3)
WO ® Wi &g.4)
Equations (5) and (6) calculdteh e own shi p speedds component .
w & 0O HY(Eq. 5)
® 0 WA TUufEq. 6)
Equations (7) and (8) calculateh e t ar get speedb6és component (t
®wo wO®Ed wEq.7)
©wo OOA T OOEQ. 8)
Equations (9) and (1@glculate the relative speed component.
Wi Owo ww ¢Eg. 9)
Wi Wwwo wwd¢Eg. 10)
Equation (11) calculateke relative speed to the target ship.
i i ® Ol (Eq.11)

Equations (15) and (16) calculatiee TCPA and DCPA, which are used to evaluate the
criticality of the situation and if a collision avoidance manoeuvre is requiites following
mathematical method has been used to calculate it. By substitutingoegu@)j and (4) in
equation (12) and then simplify it, equation (13) will be given. Then to find the DCPA, the
minimum D (t) must be found by taking the derivative with respect to time as in equation (14).
After that, by setting the equation (14) to eqeero, the TCPA will be found from equation
(15). Finally, by substituting the TCPA in equation (13) teemplifying it, equation (16)s
derivedto calculate the DCPA.
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00 ®o o (Eq. 12)

06 Y o o0ml ol (. 13)

(Eqg. 14)
"Y6 0 & ———(Eq. 15)
0606 —— (Eq. 16)

By squaring equation (15) and (16) aedrganighg them, the quadratic equation of Vry will

be developedn equation (17). After that, solvingguation (17py the quadratic formula the
eqguation (18) will be obtained. From equation (18), equation (19) will be f@yndtilising
Equations 19md 20,equation (21) calculates the speed that is required to pass the target ship
in the required CPA. This equation provides two speeds to pass in the required CPA (ahead
and astern). The two speeds are the result of equatiom{ii8h has two values-(and-). In

order to calculate equation (21), (19) and (20) must be found first.
O 060 wiw OO GOiIOd® 060 ww mEQ.17)
wi 00 wi(Ky. 18)

o / (Eq. 19)

8 B wo o ¢Eg. 20)
0 ——(Eq.21)

Equation (22) calculates the course change to pass a target ship in the required CPA. This
equation provides up to four courses as a result of the two values of equation (19) and the (+

ard -) of the equation itself.

W GO WE (Eq. 22)

Equation (25) and (26) calculate the speed and course change to pass the target ship in the
required CPA and TCPA. These equations provide two speeds and two coursesih®f res
the values of equation (19). Equatid@8) and (24) must be executed to find (25) and (26).

Do OO o——(Eq. 23)
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OO GO O—(Eq. 24)
® 0o ®oE] 25)

W O &&—(Eq.26)

7.5 Weather conditions (wind, current)

The wind and current have a significant effect on ships in marine navigation. The wind has a

direct effect on the shipbdbs structure above

direct effect on the umdr wat er part of the ship, shipobs
influence of wind and current on the speed and course of the ship, thus, it is vital to consider
these factors in the calculation of collision avoidance. Indeed, adding such factbes to
mathematical calculations would add a considerable number of challenges to the model. Also,
adding the magnitudes of current and wind to the mathematical calculation will reduce the
accuracy of the result, especially if the data itself is not accurbtewever, an alternative
method has been used to get the better of the situation. The Course Over Ground and Speed
Over Ground (COG and SOG) has been used in the calculation rather than the engine speed
and the compass course. Where the SCarextor quantity (its unit is knots per hour), this
considers the direction of movement, which is the COG and the direction is the angle that
measures from the northefer to Figure 5. Moreover, the COG and SOG are used in the
automatic collision avoi@hce model, this will include the wind and current (drift) effect on
the shipbs mohitpmovwest he Tokerpdoesrmpopvement with
which includes wind and current effects (the set and drift) that has an impact on s=lisigp

path and speeddditionally, this will improve the accuracy of the collision avoidance results

and the reliability of the syste(Bowditch, 1995)

7.6 Calculating Delay of Action

Early detetion of the threatening target poses a potential danger to the safety of navigation.
This is due to the fact that human in general, OOWs in this case, tend to forget or involve in
another task, which prevents the OOWSs from performing the avoidanceatdtierbest time
(Paas et al., 2003a, Sweller, 2018) addition, early action will divert the ship far from its
original track, and it could lead toanflict situation with another target. Accordingly, an

action delay feature has a significant benefit in susituation (Figure 6). This will inform

144

d



the OOW about the required action that needs to be taken based on the time limits entered by
the userFor example, if the system detects a target in a collision situation after an hour and
the OOW sets the actions to be not more than 30 minutes before the collision. In this case, the
system will provide the best action to be taken 30 minutes before frsooolAlso, it will

alert the OOW at the time when this action needs to be taken. This will give the OOW time to

evaluate the situation and the action, as well as a reminder at the time of action.

Moreover, this will provide the minimum deviation fromethriginal trackwhere minimum
deviation distance from the original track will maintain a precise Estimated Time of Arrival
(ETA). Furthermore, a less travel distance and lesschreumptiorwill be achieved for less

CO2 emission and cleaner ships.

Mathematically, this will be calculated by finding the relative positions of own and target ships
and then recalculate the collision avoidance manoeuvre from the new positions. For this
critical collision situation, irthese calculationst is assumed thatourse and speed of both
ships are fixed. In case of any change with course and/or speed the modeévaluae the

situation and provide any required manoeuvre accordingly.

The decision tree for time delay;

wNo action
wKeep monitoring

CPA > critical

3

CPAO cri wDelay action

L[ R iler]| ©Keep monitoring
\ |

OOV | mediate
Tc p a O action

S

Figure56 Time delay decision tree
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7.7 Avoidance of two targets

Two targets avoidance model has been developed to make sure a comprehensive and reliable
decision support systems developed(Figure 57). In a real navigational environmerihe

number of encountered targets is unpredictable. However, a capable decision support system
is required to be able to deal with all targets in the vicinity. In this section, the critettie for
avoidance of two targets are discussed as given in the foll@seicigpn. Figure & presents

the collision avoidance flow chart, which shows how the system is operating to avoid two
targets.

For two targetsavoidance manoeuvres the same mathematical cdltions are used.
Additionally, the model calculates the avoidance manoeuvre for the first detected target (T1)
and then checks if avoiding (T1) will leada@onflict situation with the other target (T2). If

it is safe and no conflict with (T2) is detedt the system accepts this decision and alert the
OOW about it. On the other hand, if avoiding (T1) will cause a dangerous situation with (T2),
the system recalculates the avoidance manoeuvre to provide avoidance manoeuvre for (T1 &
T2) together. In othemwords, the system keeps checking all the suggested avoidance
manoeuvres to ensure avoiding one target will not lead to a conflict situation with the other
one. If the first decision causes a conflict with the other, then the system provides an avoidance

manoeuvre for both ships at once.
Two targets encounter scenarios:
1 No collision. No action.
9 Collision with target one (T1). Manoeuvre to avoid (T1), and not to collide with (T2).
1 Collision with target two (T2). Manoeuvre to avoid (T2), and not to colide (T1).
9 Collision with (T1 & T2). Manoeuvre to avoid (T1 & T2).

The decision tree for two targassgiven in Figure 57 and Figure 58.
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No collisionaNEl)

\J

wAvoid T1, no problem with T2, manoeuvre.

Collision T uCollide with T2, recalculate avoidance manoeuvre.

wAvoid T2, no problem with T1, manoeuvre.

Collision T3 wCollide with T1, recalculate avoidance manoeuvre.

Collision
T1&T2

wAvoidance manoeuvre for T1&T2

e cAll times, any user parameterts breach
\/[e]alite]g[g[o} alert OOW and provide avoidance
manoeuvre

"

Figure57 Two targets decision tree
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Risk of collision
evaluation for Target 1

CPA TCPA

More than Less than
required required

No collision situation
safet to navigate

Collision avoidance | 4
-

calculation I

Course to avoid Speed to avoid

Risk of collision
evaluation for
Target 2

CPA TCPA
More than Less than
required required

No collision situation
safet to navigate

Figure58 Collision avoidance process for two targets

7.8 Multi -targets

In multi-targets avoidance, the mathematical approach is similar to one target avoidance
method. However, in case of a mulirgets encounter, the system must provide an avoidance

manoeuvre that is capable of avoiding all targets. Thus, in-tauifets pocess the system
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calculates the avoidance manoeuvre to the first detected target. After that, the decision needs
to be checked through all other targets in the vicinity to ensure it doeseadea conflict
situation with any othetargets.(Figure B) showstwo target avoidance process, then for
multiple targes, the same concept will be used to check all decisions to ensure no collision
with any other targets. In order to do this, a script should be written on one of the simulation
software, such as Matlab, which has the capability to run a While, ddphis a command

that allows the statement to be repeated until it satisfies all the conditions stated in that
situation. This will allow the system to calculate and provides the best avoidance manoeuvre
for all targets. However, these While Loop and the calicuatof multiple targets collision
avoidance have not been implemented in this thesis and it will be considered as a future work
of the research. For the feasibility of the results and the calculation, the distance of the search
by the system, where colii evaluation and avoidance manoeuvres are considered must be
controlled. This will be determined in the sensitivity level sets by the user. The sensitivity
level is explained in mordetail inChapter8.

7.9 COLREG consideration

In international vaters, every vessel must comply with international regulations. Likewise, in
marine navigation, ships must follow the Collision Regulation (COLREG) all the time. The
main aim of COLREG is to regulate ships movement and to prevent collisions from happening.
Furthermore, implementing this Rules of the Road (ROR) is beneficial to remove the burden

of uncertainty about the actions of other vessels, especially in a collision situation.

According to the above mentiondlde importance dhe automatic collisioavoidance system

to becompliantwith the COLREG. From here, a thorough study and analysis of the COLREG
regulation have been done to find the best methods that enable the system to provide
COLREGO6s compliance deci si on sryruleriatidfleencesng i s
the decision to avoid collision will be mentioned. The rules will be discussed first, and then

the implementation of the COLREG regulation in the automatic collision avoidance system

will be explained.
Rule 8: Actions to avoid co#lion(Cockcroft and Lameijer, 2012d)

B) Any action to avoid collision must be large enough to be seen visually or by the radar by

other observing vessels. A series of multi small changes are not recommended.
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C) Course alteration is thmost recommended action to avoid a collision at sea if there is

enough sea room to avoid other ships.
Rule 13: OvertakingCockcroft and Lameijer, 2012d)

A) The overtaking vessel (coming from the stern) should keep away of the vessggl bein

overtaken (ahead of the approaching vessel).
Rule: 14: Heaebn situation(Cockcroft and Lameijer, 2012d)

A) For vessels in a heash situation (in front of each other), both of them must alter course

to the starboard side to allow a pturthe port passing situation.
Rule 15: Crossing situatiofCockcroft and Lameijer, 2012d)

In a crossing situation, the vessel sees the other on her starboard side (isWegy/giessel)

must tack action to avoid the collision; the vessel sees the other on the port side (is the stand
on vessel) should maintain her course and speed. Crossiad ahthe standn vessel must

be avoided if it is possible.

Rule 16: Action by givevay vesse{Cockcroft and Lameijer, 2012d)
Take early and sufficient action to avoid collision with the stamdessel.
Rule 17: Action by standn vesel(Cockcroft and Lameijer, 2012d)

A) i) should keep her course and speed

ii) If the give-way vessel is not taking action or her action alone is not enough to avoid the

collision, then the standn vessel must avoid the collision by hamoactions.

C) When the stardn vessel is taking action to avoid collision with the givaey vessel, she

should avoid altering course to port side, if it is possible.
Rule 19: Conduct of vessels in restricted visib{@pckcroft and Lamgr, 2012d)
D) i) Avoid course alteration to port side, if possible.

After mentioning the related rules that control the collision avoidance actions in COLREG
regulation, the following arrangement has been applied in the automatic collision avoidance

system. Such an arrangement allows the automatic collision avoidance system to provide
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COLREG complied decisions for collision avoidance manoeuvres. First, the course alteration,
which is the favourable action to avoid a collision, if there is enough seatmmanoeuvre,

is provided to avoid the collision. Such course alteration will allow the OOW to change to the
required course to avoid the collision from the first change, no need for multiple changes.
Second, to satisfy rules 14, 15, 16, 17, and 19ctilesion avoidance system will always
provide the smallest course alteration to the starboard side. This will ensure that the
manoeuvres provided are compliance with these rules. Finally, in the overtaking situation,
where the port or starboard alterasaare acceptable to be clear of the vessel being overtaken,
the system provides the smallest course change to avoid the collision. Furthermore, where the
speed change is the most favourable action in narrow channels or restricted waters, the
automatic cdision avoidance system provides a speed change or a combination of speed and
small course change to satisfy this condition. By satisfying all these rules and conditions, the
developed automatic collision avoidance system has proven its capability toawaRk
automatic decision support system, which is capable of providing COLREG compliance

manoeuvres.
7.10Shi p6s manoeuvring capability
For the feasibility of the systembs results

considered. Thissito confirm that the decisions provided by the system can be executed by

the own ship. Additionally, it needs to be checked that the ships do not collide during the turn

until it reaches the required course, especially in a critical situation, wherngb@ashalready

very c¢close to each other. For the shipbds ca
which are based on usedé&igye 3 showstdesurnmgcirclettesti al s ,

from a sea trial.

I n order t manaadwlingtddiagn tre bolligioh @voidance system, the new position
of the ship after the turn needs to be calculated; also, the talgeétre\ [gositionneeds to
be calcul ated. For own shipbdbs new poseition,

used from the manoeuvring data.
Advance: is the forward distance from the point of full rudder taBsSS, 2017)
Transfer: is the side distance from the point of full rudder (ABS, 2017)

For target shipbs new position, the speed an

assumption of no change in the speed and cou
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position, the range between the own ship and the target stipdda evaluate the capability

of own ship to execute the avoidance manoeuvre and not to collide during the turn.

7.11 Numerical validation of the Model (Desk Validation)
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\ Path of Midship point
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Fudder execute Distance
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Approach Conrse

Figure59 Turning circle sea tria(ABS, 2017)

After developing the model, an essential validation process is hecessary to satisfacory

level of operation is achieved. The main aim of this validation tests is to prove the correctness

of the calculation, which are made by automatic collision avoidance model. Thus, the

following validation tests will examine thmo d echlculdions of the course changes and its

ef fect

provided avoidance actions. The results of the model calculation have to be validated in many

on

the CPA, t he

accur acy

of

cal

cul

ways and scenarios to confirmcaptable and reasonable decisions can be reached by utilising

the model. For the validation techniques, four methods have been used in this model to confirm

the satisfaction of the calculations aegults.Three cases have been tested using the model,

which covers the entire collision situation at sea, Crossing,-bleamd ovetaking situations.

The validation techniques are:
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1 Manual radar plotting.
1 Trend capturing by fixed course changes (10° course changes).
1 Real case scenarios from the Marine Traffl& Aveb page.

I Real collision scenario from MAIB, with real scales.

7.11.1 Manual radar plotting

First, the traditional technique of manual radar plotting has been used to calculate the CPA
and TCPA. After thatthe comparison othe results that have been obtained filooth the
model and the manual plotting resus#tsnade and it confirms the samacome This finding
confirms the correctness of the formulas used to develop the model and ensures that the

calculations provide cogct solutions to collision avoidance problems at sea.

7.11.2 Trend capture

Second, the trend of the model 6s results cap
the same direction and magnitude to record t
COLREG in the course and speed changesyse changenust be significant and easily
recognised for visual and radar observg@eckcroft and Lameijer, 2012dYo satisfy this

condition, a change of 10° has been frequently applied totheti i a | shipbs cours
course change of 30° to 60° degrees is enough to avoid a collsierall 12-course changes

are applied to the initial shipbébs course to
distance when a course changapslied. Also, the suggested course change by the model, to

pass within the required CPA, has been applied in the curve to compare it with the model trend.

In this validation method, three scenarios have been tested to obtain the lreudtse three

cases, the automatic collision avoidance model was capable of providing a reliable result,
which indicates a promising operation of the model. The basic concept of this test is to prove
that with the i ncr ease nthéopposite direction of thetargeb ur s e
ship, the CPA will increase continuouslin other words, these tests show a positive
correlation between thehange®f course and the CPA, which indicate that with the increase

of course change the ship will passmiore distance from the target ship. Accordingly, the

three scenarios that have been tested in this validation methedhtavn a liner increase in
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the CPA with the increase in course change. Next is a brief explanation of each curve for the

three casesf collision avoidance.

Case one: Crossing situation

Table12 Table of parameters for case one

Own ship parameters Target ship parameters Relative parameters
observed from own ship
Speed 20 Kats Speed 15 Kots Bearing totarget 068
Course 030 Course 321 Range to target 4 NM

In case one, the collision situation is crossing, where the own ship is theagweessel, and

it is required to take the avoidance action. The target is the-statite vessel and should

mainei n her course and speed. The initial <cour
to pass target ship within 1 NM is to change course to 043°, which is a starboard turn, and this
satisfies COLREG regulation in this situation. Moreover, by chantliegcourse 10° to

starboard side up to 140°, the CPA has continuanshgased. (Figur60) showsthe linear

increase in the CPA with every 10° change in course and a positive correlation between the
variables. The yellow part in the curve denotesthdmd 6 s deci si on to pass
target ship.

CPAs Plot 1
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Courses

Figure60 CPA plot case 1
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Case two: Headn situation

Tablel3 Table of parameters for case two

Own ship parameters Target ship parameters Relative parameters
observed from own ship
Speed 15 Kats Speed 6 Kots Bearing to target 292
Course 280 Course 130 Range to target 8 NM

In case two, a heaah situation, where both ships must alter course to the starboard side. The
model 6s decision to pass the target 1 NM i s
compliant avoidance manoeuvre by altering to the starboard sides fhisated by the yellow

part in the curve. In this case, the own ship was on the starboard side of the target. Thus, this
explains the reason why the CPA in the first 10° course change to starboard has not increased;
then once thewn ship crossed the bowf the target, the CPA started to increase steadily.

Figure61 shows the positive correlation and néncrease in CPA with course changes.

CPAs Plot 2
9.000 oo 782
8.000 7.06
7.000 e
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280°  290° 294.87 300° 310° 320° 330° 340° 350° 3%%1/0 10°  20°  30°
CPAs0.495 051 1.00 151 247 340 428 509 584 650 7.06 7.50 7.82
Courses

Figure61 CPA plottase2
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Case Three: Ovetaking situation

Tablel4 Table of parameters for case three

Own ship parameters Target ship parameters Relative parameters
observed from own ship
Speed 12 Kats Speed 22.2 Kots Bearing to target 220
Course 0990 Course 065 Range to target 2.5 NM

In case three, an owaking situation, where the ship being etaken (in front) should not
impede the ovetaking ship (coming from back). The ovtaking vessel should keep clear of

the overtaken vessgh front). In this case own ship should not change her course and speed,
and the target ship is the giway vessel. The model has been tested in this scenario to
examine its ability to provide avoidance manoeuvre in all situations. Furthermore, iiféhe g

way ship is not taking action, then the stamdvessel must take the best action to avoid the
collision, as per COLREG regulation. In this scenario, with the starboard turn the CPA has
increased up to a small distance, then it started to become witlserach starboard course
change. The first increase happened as the ship is moving away from the target ship to the
starboard side until it reaches the maximum CPA. Then the collision situation changes from
overtaking to the headn situation, and th€PA stares to decrease again to a collision
situation on course 170°. After passing course 170° the CPA increases in a constant trend,
(Figure 62) shows the curve of the manoeuvre. However, this is unacceptable behaviour to
avoid a collision at sea, espalty when the avoidance manoeuvre leads to a change in the
collision situation. On the other hand, port course alteration would lead to safe avoidance
manoeuvre if the stapoh vessels had to escape a dangerous situéfigire63) shows the

curve of por side manoeuvre with a constant hnéncrease in the CPA and the suggested
course to pass in 1 NM from the target ship and the positive correlation between the course

change and CPA distance.

156



CPAs Plot 3, starbord turn
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Figure62 CPA plottase3, turn to starboard

CPAs Plot 3, port turn
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7.11.3 Real case scenarios

Collecting realife data and implementing it on the model shows the capabilities and
feasibility of the model to be utilised in real collision situations. For this validation technique,
live monitoring had to bperformedto collect a real data of shipgich are passing in near
collision situations; data had been collected from the Marine Traffic AIS website
(MarineTraffic, 2019) Three cases had been successively monitored, and the data had been
collected. First, depending on the case,diva and target ships had been chosen from the
Marine Traffic AIS website, and then their parameters were plotted for a period of time
(depending on the updating time on the website). The data was collectetthé website are

the speed and course for oand target ships, and the bearing and range from the own ship to
the target ship. After plotting the parameters, it has been applied in the model to see the
changes in CPAs and TCPAs.

The aim of this validation metcalaldtionifathe o t es
CPA and TCPA. This will be achieved by the calculation of the CPA and TCPA for a period

of time and analyse the results to capture their changes with the progress of the ships. However,

in these scenaripthere vasno collision betwes the ships, but they were sailidlgseto each

other and this has been reflected on the result, whighdiahown a significant change in the

CPAG6s distance wuntil the ships started to n
negative results for thECPA mean the ships have passed each other and this is the moment
where the CPA distance starts to increase. Thus, this behaviour of the rasthies thend for

the three scenarios and follows the discussion of the scenarios and their results inaisre de
Case one: Crossing situation

This isa crossing situation between a container ship MSC Luciana arR@R€hip Suecia
Seaways(Figures64 and65) show thechanges in CPAs and TCPAs from the plotted data. In
(Figure @&1), the CPA and TCPA arelptted, the blue line shows small changes in the CPA as

no avoidance manoeuvre had been taken. The orange line shows the changes in the TCPA,; the

negative values mean the ships have passed the CPA.
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CPA Case one
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Figure65 CPAgase one

Case two: Crossing Situation

This is a crossing situation between the LPG tanker Alphagas and HRORDip Spirit of
Britain. After plotting their data on the model,rees of the change in the CPAs and TCPAs
werecreated Figures66 and67). These results show that the CPA distance was not changing

significantly until the ships passed each other, where the CPA distance started to increase.
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Also, the results depict the intention of the ships to maintain the CPA at 1 NM and not to come

closer fom each other.
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Case three: Heaon situation

This is a case of heaah situation between the tanker ships Hafnia Green and the bulk carrier

Genco Warrior in a narrowhannel.(Figures 8 and ®) showthe changes in CPAs and

TCPAs, which have been plotted from the Marine Traffic AIS website.

CPA Case three
700 5_53
6.00
O 4.00 P s
o 200 .
O -
1.00 ﬂﬁ—@&#—@&@%@—
. N ° . 0y —o—CPA
0.00 <
-1.00
98 99 98 103 102
‘+ 5.89 4.30 3.00 1.37 -0.57
‘—O—CPA 0.11 0.17 0.18 0.25 0.20
Courses
Figue 68 CRA AND TCPBEASE THREE
CPA Case three
0.30
0.25
0.25 /\) 20
. 0.20 017 0.18 ‘
E o 15 Nn-11 /—/_/
(@) ' U/
0.10 —o—CPA
0.05
0.00
98 99 98 103 102
—o—CPA 0.11 0.17 0.18 0.25 0.20
Course
Figure69 CPAthree

161




The previous cases and their curves have shown reliable data regarding the changes in the CPA
and TCPA for the cases that have been monitored in the Marine Traffic AlIS. This shows good
validation results that prove the credibility of the model in solvirad) collision situation. This

has been observed by monitoring the results
result, which depicts the normal behaviour of ships in such-gassing situations. Moreover,

the fluctuation in the curves in thmevious live data plots is due to the inaccuracy of data
collected from the Marine Traffic AIS and the delay in the updating time for ships parameters.
However, these curves still show credible and trustworthy results and trends for the changes

in the CPA and TCPAs of live navigating ships.

7.11.4 Real collision scenario from MAIB, with real scales

This validation tests a real collision scenario that has been adopted from the Marine Accident
Investigation Report (MAIBJMAIB, 2013). This scenario tests the usability and reliability of

the model to observe its performance in a real collision situation. The navigational details of
this collision situation have been taken fromitineestigation report and it was plotted the

radar manual plotting sheet in real distances sEajare 0. After plotting the collision
situation, the information has been used in the developed collision avoidance model to validate
and examine its penfmance in a real collision situation. Then, the avoidance manoeuvres and
decisions that have been provided by the model has been plotted on the manual plotting sheet.
This shows the decisions of the collision avoidance model and how it reacts to thes¢ghange
the navigational situatiorin (Figure 0) theown ship (Hyundai Discovery) is located in the
centre of the plotting sheet and its movement is indicated by the blue arrows. The green arrow
indicates the best action to avoid the collision, which ha&h rovided by the collision
avoidance model. The red arrows indicate the target ship (ACX Hibiscus). After the course
change of own vessel, the collision avoidance model recalculated the avoidance manoeuvre
and provided the best action to avoid the doltisn this situation. The orange arrow is the
new avoidance decision. Wi th the change in ¢
avoidance manoeuvres which are required to avoid the collision. In this scenario, the collision
avoidance model hasgurided an avoidance manoeuvre two minutes before the collision. At
this time the range to target ship was 1.6 NM, and the CPAGH&SNM, butthe model was
capable of providing an action to avoid the collision. This scenario proves the reliability and
cgpability of the collision avoidance model to provide an avoidance decision for the real case,
as well as providing decisions as the situation progresses. Indeed, the collision situation should

not have developed to this very critical stage, if the colliaoidance model has been utilised
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on this ship. The model is capable of detecting collisions and providing avoidance decisions
in early-stage and before it is too critical. However, if the situation has deteriorated, the model
is still able to avoid immment collisions. All the navigational information related to this
scenario and the model decisions are providédable B).

RADAR
PLOTTING SHEET 230

2100y f " Y
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190 480 170
012345678910111?
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Ranger Hope © 2008

Figure70 Collision scenario between own ship (Hyundai Discovery) and target ship (AGiXcus).
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Tablel5 Table of parameters for the collision situation between Hyundai Discovery and ACX Hibiscus

own ship- Hyundai Discovery

Target ship - ACX Hibiscus

Avoidance decisions

TCPA
Speed Speed in SP1lin | SP2in SP2in| Co2in
time | in knots | course| bearing | range in knots | course | CPA minutes | knots knots Col Co2 Co4 | knots | knots
*!m 2 190° | 45° 48° [25 |61
747 | 18 216° | 225° 55NM | 145 49° 0.3 NM 10 -140 -5 203° 46° 50° | 3.9 31
748 | 18 229° | 225° 49NM | 14.5 49° 0.3 NM 9 -14.5 -14.5 201° 46° 51° | 5 34
-14.1 -14.1 182° 43° 50° | 7.4 43
-8 -37 179° 30° 39° | 9.7 22
-7.5 -35 11° 148° 30° | 12.6 8
755 | 18 229° | 198° 0.2NM | 141 10° 0.04 NM | 0.3
756 | 18 229° | 198° 0 NM 14.1 321° 0 NM 0
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7.12 Chapter summary

In this chapter, the mathematicalodel and calculations methods have been explained
together with formulas and their utilisations in the collision avoidance model to solve ship
collision situation problems. Furthermore, it indicates the required information that is needed
to do the calculationsith its description. Besides this, an explanation of the model results has
been done to facilitate its interpretation. After this, validation tests have been performed on
the model to ensure that correct and feasible results are being provided. Tatovatabsts

have been completed in three approaches;

T First, with constant changes in own shipéo
in such changes. Obviously, this should provide a liner change in the CPA, and that

was the case, which proved théegrity of the model.

I Second, it is the validation using real ships date inthedd; this was done through
the Marine Traffic website. This test shows a very promising implementation of the
model as a decision support system for ships.

1 Third, it is the reliability of detecting the risk of collision and the calculated avoidance

actions, which was elaborated in the manual radar plotting sheet.

The successful completion of these Desk Validation has proven the accuracy and reliability of
t he mo cuwatiols whicta has been discussed earlier. These validation results have
provided an optimistic overview of the developed automatic collision avoidance system, which
was tested in various approaches to make sure that the system is trustweritmtiaal
situation. The model was accurate for calculating the CPA with the changes in the ship course,
which was captured in course changing test and providedr lmesults witha positive
correlation between the course change and CPA. Moreover, the acctithey@PA and

TCPA calculation were tested by the real case scenarios from the MarineTraffic website and
this showsheintegrity of the results, which provided castent results between the CPA and
TCPA changes, as well as a corresponded with what éctegbat real navigational situations.

The response of the system for the collision situation was tested using the MAIB collision
report. In this testhe system was capable of providing collision avoidance action at several
times, even with the changes own and target ships courses. With these efficient results, the
developed automatic collision avoidance system has a great potentasi #osgynificant role

to enhance maritime safety by supporting the OOW in the navigational duties and the collision

avoidance procedures.
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The shipbébs manoeuvring capability have been
manoeuvres are given by the automatic system. Likewise, feasible decisions are required.
Also, COLREG compliance decisions are crucial. Thubbe model 6s deci si on:

consistent outcomes that satisfy all the regulations.
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8 Validation experiment for the developed Automatic
Collision Avoidance Model in fulkmi s si on shi po6s
navigational bridge simulator

8.1 Introduction

In this chapter, the developed Collision Avoidance Model will be tested imiglion ship
navigational bridge simulator. For testing procedures, real collision scenarios will be utilised
in the simulator environment. These scemmrare obtained from the Maritime Accidents
Investigation Branch (MAIB), the United Kingdom governmental organisation, which is

authorised to investigate maritime accidents.

In this experiment, full consideration has been taken to scrutinise and harthenisamcept

of the developed Automatic Collision Avoidance System and the collision avoidance
procedures within the navigational duties. This includes the feasibility of implementing such
a system otboard ship. Moreover, it is to confirm the efficiencydarsability of the system

within the navigational duties and bridge's procedures to test that the system works correctly
and accurately in an emergency collision situation. This will be concluded by the enhancement
in the navigational safety that would lealveen achieved if this system is installeeboard

ships.

The outcome of the experiment will be analysed qualitatively by explaining the effect of
implementing the Automatic Collision Avoidance system in each scenario in comparison to

theclassicalapproachof navigational duties in the same scenario. Furthermore, a quantitative

analysis will be don¢o measure the navigational performance of participants (Seafarers)
against the Key Performance Indicators (KPIs) for the classical collision avoiajapicech

and the automatic collision avoidance approach.

The discussion and recommendation will take place at the end of this chapter to provide a sort
of a guideline that clearly explains the best practices of implementing the developed Automatic

Collision Avoidance system.
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8.2 The validation experiments procedures

The validation experiments have been performed to justify and ensure the best operational
level of the developed Automatic Collision Avoidance system in real ships. These validation
processes have been executed in thenfiigsion ship navigational bridgémulator. The PhD
candidate has got the approval to visit the King Abdulaziz University, to perform the

experiment in the maritime simulator centre.

The experiment's protocol has been approved by the Architecture Department Ethics
Committee and obtaingtie approval number: (DE19/05) and titled as: "Experiments in Full
Mission Ship Bridge Simulator to measure the navigational performance of Deck officers"

8.2.1 The full-mission ship navigational bridge simulator at the Faculty of
Maritime Studies FMS

At King Abdulaziz University, the Faculty of Maritime Studies (FMS), in Jeddah, Saudi
Arabia, they have maritime commercial training solutions for the advanced level of maritime
training. With the FulMission Ship Bridge Simulator 270 HFOV facilities (TRANSAlavi

Trainer 5000), the faculty is capable of running an advanced level of ship bridge simulator
training, as well as standard training requirements. The advanced level of simulator
capabilities includes specific training scenarios with real imitatidhef/essels, layouts and
equipment. Whereas in standard training, a generic model of vessels and maritime equipment
are utilised for better familiarisation to the new seafarer trainees about the navigational bridge.
The available simulator facilities mage bridgemanship and navigation training requirements
and objectives. These simulator facilities comply with the IMO standards, and it has the Det
Norske Veritas (DNV) statement of compliance certifickigure71 showsthe navigational

bridge simulatoat the simulator centre in FMS.

To control the simulator scenario, the instructor control station for the simulator training,
where exercises are developed, arranged and modified with full control over the training
scenario. This allows full monitoringver own ship, target vessels and its information and
parameterseither, in the graphical or tabular presentation of the data. Furthermore, the
instructor has full control over the own and target ships, such as; changing courses, speed and
positions of ay ship. Also, the playback function is available to assess the instructor in the

debriefing sessions and for performance monitoring and enhancement. Thus, all the
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i nformation and parameters of the exercise a

data can be presented as a graphical or tabular report.

Additionally, it can be transferred to MS Excel sheet for further analysis and examination. The

exercise data recorded reports includes the
T Shi pds moers.on par amet

1 The dynamic movement of the ship.

T Shipbs manoeuvrability; speed, cour s e, an
T Target shipsdéd parameters.

T Target shipsd manoeuvrability.

Figure71 The Navigational bridge simulator at FMS

8.2.2 Experiment procedures

For the purposes of this research, the navigational simulator has great benefits for the

validation of the Automatic Collision Avoidance model and to build up the collision scenarios
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and cas studies. In general, the fundamental concept of the experiment is to run a collision

scenario twice in the simulator.

1 In the first exercise, the OOW performs normal navigational duties and collision

avoidance procedure€lassical Approach

1 In the secnd exercise, the OOW is trained to utilise the developed Automatic

Collision Avoidance model, in case of collision situatidwitomatic Approach

The performance of the OOWSs and the navigational parameters are measured in both exercises
to quantify the dferences between tletassical approackand theautomatic approachin this

experiment, four phases process were performed to execute the scenarios to validating the

developed Automatic Collision Avoidance system, as follows;
1 Phase one: General familisaition about the ship bridge simulator.
1 Phase two: the experiments and scenarios.
1 Phase three: Data collection.

1 Phase four: Data analysis.

8.2.2.1 Phase one: General familiarisation about the ship bridge simulator

Simulator familiarisation

In the beginning, it was a general familiarisation about the simulator centre and the operational
procedures of the simulator. This step includes a brief introduction, by staff members of the
simulator centre, about the simula@ics f uncti ons and wutilisation.
simulator has been granted. This allowed the author to intensively practise the operation of the
simulator, and scenarios creation techniques. Moreover, a review of the validation experiments
plan was done in this stage, to ensure the suitability and feasibility of the proposed plan to be
performed. Fortunately, the proposed plan for the experiments was matching with the

capabilities of the simulator, with some changes that will be mentionedndler limitation

section.
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Creation of the Scenarios

For these experiments, eight collision scenarios were developed and performed; these
scenarios are adopted from the Marine Accident Investigation Branch (MAIB) reports. These
collision scenarios have been utilised to develop the automatic collision as@isisiem, in

the earlier stage of the research, and they are the most suitable scenarios to test the developed
system. Also, they cover all the collision situations at sea,-teadrossing and overtaking
situations. These exercises were constructeagdbas the information and details from the
accident reports, and saved on the simulato
running of the experiment on the day of the exercise. For the limitation of available areas and
locations on the simulatalatabase, alternative locations were used for the construction of the
scenarios, mainly open sea. Generally, the main features and impacting factors were carefully
considered to match with the real scenarios from MAIB, such as TTS, limited sea room,
shalow waters, navigational instruction, weather condition, etc. these scenarios will be

mentioned in the results section with a full description of each scenario.

Data records and reports

A familiarisation about the data records and exercise reports Hae pigace in this phase.

The importance of this step lies in the highlights of the required data and information that need
to be collected from scenarios. This step will guarantee the availability of all required data and
reports for every exercise, whiallows further analysis to be carried out afterwards. For this
purpose, the most useful and valuable source of information and parameters are the report
generation and the diagrams related to the ship motion parameters. The report generation
feature allowghe instructor to create a various number of reports about the performance of
the exercise. The required reports, which have been collected and all the needed data for this

experiment are;
1 The ship dynamics report, this has the motion parameters ofithe sh

1 The log report, this has the extended list of motion and external parameters, such as

wind speed and the side movement of the ship.

1 The traffic reports, this has the target ship motions and parameters.

Additionally, the diagrams of the ship motion paegers will be utilised, to help the instructor,

who can monitor the selected parameters and see how it changes during the course of the
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exercise. In the window, which shows the diagram, the instructor can choose any parameters
that he/she would like to mdor in a graphical or tabular mode. For these simulator tests, the

following data are selected,;
1 The Closest Point of Approach (CPA).

1 The Time to Closest Point of Approach (TCPA).

Exercises briefing documents

Three briefing documents were developed distributed to all the participants about the

simulator experiments.
1 General briefing about the experiment.
9 Briefing paper for the group about the classical collision avoidance approach.
9 Briefing paper for the group about the automatic collisieoidance approach.

The briefing papers are available in the appendix section.

8.2.2.2 Phase two: the participants, experiments and scenarios

Two experimental methods were performed in the simulator with different scenarios. The
participants in these experimemisre all from the Faculty of Maritime Studies FMS students

and recently graduated seafarers.
The participants and scenarios

For the successful conduction of the navigational simulator experiment, the participants should
be selected carefully to ensureeithadequate background and knowledge of the maritime
navigational procedures. To identify the participanthé@se experimentsselection criterion

has been createBivery participanshouldfulfill these criteria to participate in this experiment
The required criteria for identifying and selecting the participants in the experiment

1 All the participants should have a nautical background and navigational experience,
OOW qualification.
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1 All the participants should be in their final year of study he thautical science

department.
1 All the participants should have done a minimoisix months sea training.

1 All the participants should have been trained in the maritime simulator for the

navigational procedures.

The participants were either freshisaguated or in the final year, who finished their studies
and were waiting for the Certificates of Competency (COC) exams to graduate. They all have
a sea training experience for one year, except one of them who just finished six months' sea

time. Thus, tk participants were familiar with tledassical approachor collision avoidance

procedures, which is the standard procedures at sea. The main aim of the experiments is to
measure the Key Performance Indicators (KPIs) for the classical collision avoigtaamoach

and the automatic collision avoidance approach and then, to perform the required analyses and
quantify the enhancement in the safety of navigation when utilising the developed automatic
collision avoidance system. The figures below are the pgtaien from the scenarios in the
navigation bridge simulatoF{gures72, 73, 74 and 5).

Figure72the scenario of Hyundai Dominion
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Figure73 The scenario of CMA CGM Florida

Figure74the scenario of ACX Hibiscus

Figure75The scenarios of CMA CGM Florida
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The first experiment group:

In this experiment, the participants were asked to perfochassical approachn case of a

collision situation and the participant is not trained forah®matic approachyet. When the

exercise is completed, the participant has attended a trainsigrsés the utilisation of the

developed automatic collision avoidance system. Then the same participant (who performed

the Classical approachperformed the same exercise again. And this time, the Automatic

Collision Avoidance system was utilised in tAatomatic approactior collision situation.

Four OOWSs were participating in this approach, and they performed four different scenarios,

each scenario is tested with the classical and automatic approach.

The second experiment group:

The patrticipants in tkigroup of experiments are different than the ones participated in the
first group of experiments. In this experiment, 8 participants were divided into two groups.
The first group (four OOWS) performed ti@&assical approachfor collision situation.

Wheres, the second group (four OOWSs) attended the training session for the utilisation of the
Automatic Collision Avoidance System and performed Awtomatic approachin other

words, each scenario has been performed by two OOWs, the first OOW Glatbsical
Approachand the second OOW in theitomatic approach

The automatic collision avoidance system utilisation in the ship bridge simulator

Due to the difficulties of integrating the developed Automatic Collision Avoidance System

within the ship bridge siulator software, the developed system was utilised manually by the

author. Accordingly, the author was running the exercise from the control station, where all

the required data is available. Then, he was utilising the Automatic Collision Avoidance
Systemto calculate the avoidance action, then acts as the system to alert the OOW about the
collision situation. When a collision situation exists, the author advises the OOW about the
avoidance action as well. The author was acting as the system, which noehoman
conversation was taking place. The automatic avoidance instructions were provided to the
OOW by mirroring the instructordés computer |

software was used to write thestructions(Figure ® and 77). After that, the VHF was used
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to orally (phonetically) alert the OOW about the existence of the collision situation. The fact
that it was impossible to integrate the developed Automatic Collision Avoidance System in
the simulator platform has introduced a linitat in the performance of the system. This
limitation has been overcome by the intervention of the author, which has a little delay in
delivering the required information to the OOW in the bridge. This delay of the avoidance
decision to the OOW is approxately one minute. The OOW needs to look at the screen, after
he hears the oral alert, to see the collision situation and instruction. Alerting and decision
example, such as;

I Collision situation detected on the starboard side.

1 Collision situation is (Ovetaking, Heaebn, Crossing Givavay or Crossing Stard
on)

9 Alter course to *** ° to avoid a collision.

T Change speed to *** kots

ollision Situation, target on (
Port bow
Head on
Over taking
Over taken

Croosing Stand-on
_l Crossing Give-way

ew course ( 96 /speed

Figure76 The Automatic Collision Avoidance instruction screen on the control station
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Figure77 The Automatic Collision Avoidance instruction screen on the bridge simulator

8.2.2.3 Phase three: data collection

Where the ship bridge simulatocrer ds al |l t he exercisesd dat a
this data was collected for the records and further analysis. Moreover, the simulator provides
detailed reports about the exercise, whi ch i
all these reports were collected. These records and reports were collected from the simulator
system itself, as well as exporting it to MS Excel sheet in table forms. Additionally, the
parametersd comparative assessmermrovidihgna t he s
graphical comparative represent anumedcaldataf t he
and parameter s, the author has taken note al
observed the video recordings of the OOW during the exeiidigehelped with the qualitative

analysis to understand the reasons behind the OOW actions. The data, which was collected

from the simulator exercise in retine, are
1 Time of target appearance in the bridge, visually or by radar.
9 Time of target deteain by the OOW.
i Time of risk recognition by the OOW.
1 Actual avoidance action time by the OOW.

1 Monitoring the OOW's behaviour for risk recognition.
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1 OOW's performance and behaviour for any abnormality.

8.2.2.4 Phase four: data analysis

In this phase, all the collected data and parameters were grouped and sorted based on its
relevant source and impact on the collision avoidance process. This step is performed to
measure the participants' performance in collision avoidance procedureth) the€lassical

and Automatic approache$his will be discussed in more detail in the following section.

8.3 Key Performance Indicators (KPIs) for the OOWSs performance
measurement

In this section, the Key Performance Indicators (KPIs), which have U to measure the
performance of the OOWSs (participants), will be explained. The Key Performance Indicators
(KPIs) are the parameters that are utilised to quantify and observe the performance of a
process, in order to capture the trend that the proeéskowing (Klipfolio, 2019). This will

help to accurately forecast thetdre trend based on the changeable parameters. Based on
Oxford's dictionary, the KPI has been definedfAasguantifiable measure used to evaluate the
success of an organization, employee, etc. in meeting objectives for perforrt@xizet,

2019) Therefore, after a brief introduction about the meaning of KPI, the utilisation of this
technique to measure tperformance of the OOWSs (participants) in this experiment will be
detailed below. In this experiment, the KPI Karta approach has been selected to identify the

most valuable data and information needed to develop and measure the KPIs.

8.3.1 KPI Karta

KPI Kartais a structured approach to develop the required KPls, which easily identify trends
of the performance. The KPI Karta technique has been adoptedHErdmrning, 2013and
modified to be utilised for the purpose of this experiment. This approach is intended to
facilitate the integration between the main goals and objectives of the experiment, and the
calculated parameters (measures) that have been collected from the expéEmeantsing,

2013) After defining layer one (goals and objectives) and collecting the measures, the whole
process will be centralised moving downward and upward in the direction to layer two. The
final stagewill be the core of the technique, the KPIs in layer three. The KPI Karta approach
is illustrated in Figure & (Enhorning, 2013and has been modified by the author. Beiter

understanding, and before explaining the KPI Karta method, it is worth explaining the
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parameters, which were used in the experiment as presented in ablee Jparameters in

the table are categorised based on the KPI Karta development steps, which indicate the step

where these parameters are involved within the KPI Karta framework. F@ilies#atesthe

parameters and definitions on the navigationaltchar

Goals & Objectives Layer One
Critical
T
Success Factors LaverTwo

Layer Three

Layer Two

Layer One

Figure78 KPI Karta framework (Enhorning, 2013)

Tablel6 The parameters, units and definitions used in the experiment

KPI Karta Parameter | Unit Definition
Framework
CPA Nautical The Closest Point of Approach, the closest distan
Mile (NM) where the ships are going to pass each other if n
actions are taken.
Critical TCPA Minutes to The time to the closest point of approach, the tim
Success collision when the ships are going tags in the closest
Factor distance from each other.
(CSF) Range Nautical The distance between the own ship and target sh
Mile (NM) any given time.
Track Nautical The distance that ship is moved away from the
Deviation Mile (NM) original planned track.
Key Target Time When the target is detected by the OOW on the
Performance Detection | difference in | bridge by the radar or visually. This is calculated
minutes the time difference between the time of target

179



Indicators

appearance and the time when the OOW has

(KPIs) detected the target. The time is measured from th
beginning of thescenario.
Risk Time When the risk of collision with the associated targ
Recognition| difference in | ship is recognised by the OOW. This is measureq
minutes the time difference between the actual time of risl
and the time of recognition by the OOW. The time
measured from the beginning of the scenario.
Action Time When the action should be taken by, then OOW {|
Time difference in | avoid the collision. This is measured by the time
(Response) | minutes difference between the required action time and t
actual action time by the OOW. The time is
measuredrbm the beginning of the scenario.
Accuracy Ratio The accuracy of the avoidance action that has be
of Action taken by the OOW to pass the target ship within {
required distance of CPA. This is to measure the
efficiency of the action to prevent e
(unnecessary) moving distance by own ship. This
measured by finding the ratio between the requirg
CPA and the actual Range at the time when the
ships are passing each other.
Track Ratio This is the distance that own ship has moved fron
Deviation the original planned track to avoid the collision. T
is to measure the efficiency of the OOW avoidang
action to avoid the collision in the smallest possib
distance. This is measured by finding theorat
between the actual deviation distance from the
original planned track and the tolerance deviation
distance.
Time of Time from The time when the target is appearing (possible t
Appearance| starting the | detect) in the simulator bridge, either visually or o
scenario. the radar.
Collected hours, in 24
Measures hours unit
Time of Time from The time when the OOW detected the target in th
Detection | starting the | simulator bridge, visually or by radar.

scenario.
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hours, in 24

hours unit
Actual Time from The time when the risk of collision has to be
Time of starting the | recognised by the OOW. In this experiment, 10
Risk scenario. minutes before collision has been selected to be
hours, in 24 | latest time to recognise the risk of collision.
hours unit
Time of Time from The time when the OOW recognise the risk of
Recognition| starting the | collision with the target ship.
scenario.
hours, in 24
hours unit
Required Time from The time when the avoidance action needs to be
Action starting the | taken by the OOW. In th experiment, this time is
Time scenario. when the distance between the two ships is 1 NM
hours, in 24
hours unit
Actual Time from The time when the OOW starts to take the avoids
Action starting the | action.
Time scenario.
hours, in 24
hours unit
Required Nautical The minimum allowed passing distance from any
CPA Mile (NM) target ship.
Range Nautical The distance from the target ship at the time of
Mile (NM) passing.
Cross Track| Nautical The tolerance distance to deviate for the original
Error Mile (NM) planned track, where no course correction needs
(XTE) be taken.
Actual Nautical The distance that own ship has moved from the
Deviation Mile (NM) original planned track to avoid the collision.
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Own ship original
planned track

Actual track p
deviation 1.4 NM .-

Required .~

Target ship

XTE, 0.5 NM TO
Range 0.7 NM,port and 0.5 NM
actual CPA  to starboard

Figure79 Parameters and definitions

8.3.2 5 steps of developing the required KPIs

Step 1: Goals and Objectives

The primary goal of the experiment is to prove the safety benefits of utilising the newly
developed Automatic Collision Avoidance System. This will beexdd by examining the
operational concept of the system when it is installedaard ships and how it will be utilised

in the navigational watch for collision avoidance situations. Moreover, it is to validate the
operational performance of the developgdtem as a method for automatic collision
avoidance and the efficiency of its collision avoidadeeisions. Table 7ZLdefines KPIs and

its benchmarks.
Step 2: Critical Success Factors (SCF)

The Critical Success Factors (SCF) are indicators about thesstidoess level of operation.

These CSFs are gauges to facilitate the immediate acknowledgement of the performance of a
task or operation, whether a success or not. In this experiment, if the situation has been dealt
with safely or not. These SCFs are ##tls. Thus, they are essential factors to prove that a

successful approach has been taken to perform a task or duty.
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The Critical Success Factors (SCF) in this experiment are;

1 The Closest Point of Approach (CPA); this is the least distance that own ship will pass
away from the target ship if no action has been taken. This is the most important factor
to measure the safety performance of the navigational duty, which indicate the
distance between ships when they are going to pass each other if no action is taken. If
the result of this factor is zero, it means the ships are going to collide with each other.

1 The Time of Closest Point of Approach (TCPA); this is the time it reqadiredach
to the CPA, if no action has been taken. This factor is important to assess the level of
risk involved in any navigational conflict (collision situation), which indicate the time
that is remaining before the point of closest approach (collisidm®.result of this

factor changes with any action that is taken by either own or target ship.

1 The Range; is the actual distance that own ship has passed the target ship, after
performing the avoidance action. The importance of this factor is to me&sure t
efficiency of the action that was taken to avoid a conflict situation (collision), which
measures the actual distance between the ships at the passing moment to assess the
result of the taken action. When this distance is compared with the requiredt CPA,
will provide a clear imagef the successfulness of the taken action. If this distance is
smaller than the required CPA it means it was not enough to avoid the conflict
situation (collision), bigger than the required CPA, the action was enough tdleoid
collision. Also, if the distance is much more than the required CPA, it means the action

was excessively cautious to avoid the collision situation (inefficient).

1 The Track deviation distance; this is the distance that own ship has moved from its
original planned track. This factor is essential to measure the efficiency of the
avoidance action by measuring the total travelled distance from the original planned
track to avoid the collision. This distance has no restrictions, the OOW can deviate
from the planned track to avoid any dangerous situation by any distance, but this
distance provides a clear imagfethe efficiency of the taken action. The smallest the
distance from the original planned track, the more efficient the action, where it needs
to satisfy the requirement of the CPA distance, without breaching the minimum
required CPA.

Step 3: Identification of Key Performance Indicators (KPIs)
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This step is about the identification of each measurable KPI with its importance as a safety or
efficiency factor. As a final result in Step 5, these KPIs will be quantified as a performance
measurement. Accordingly, in this experiment, the KPIs will beutated for theClassical

Approachand theAutomatic Approachthen they will be compared against each other. This

will provide a measurable analysisthe performance of the OOW in each collision avoidance
approach.The procedure for identifying the neined KPIs is adoptedrdm the logical
navigational and collision avoidance processes on board ships. In more details, to avoid any
collision at sea there are number of processes must be followed to ensure the right collision
avoidance decision is takenhds, these processes have been adopted in this experiment to
capture the performance of the OOWSs in every scenario, which have been identified below as
the KIPs for performance measurement. Each KPI will be explained to emphasise its
importance within thecollision avoidance procedures and its contribution to make the best
decision for collision avoidanc€&ive KPIs have been selected for this experiment, and they
are identified as follows;

9 Target Detection Time (KPI 1): the time that the target has beeated by the OOW
or the lookoubnthe navigational bridge. This KPI indicates the awareness about the
target being in the vicinity. The importance of this KPI is to identify the efficiency of
detecting the targets around the ship. In many MAIB accidgtrts, it was the case
that both ships did not see each other until they collided. In this experiment, out of the
eight MAIB accident reports three of them were the cases that no target detection took
place by both vessels until the collision moment sréal accident event. One of the
scenarios, the givevay vessel did not detect the target ship, and the standssel
took a very late action that they could not avoid the collision. This shows the
significant impact of the fundamental concept of natviga proper lookout.

1 Risk Recognition Time (KPI 2): The moment that the target has been recognised by
the OOW as a risk for the navigation. This indicates the awareness about risky
situations. This KPI is essential to measure the efficiency of the GQu¢mtifying
the risks associated with targets in the vicinity. The time of risk recognition is recorded
from the moment that the OOW acquires the target on the radar. As in the classical
process of collision avoidance, the radar is the only availableoehéd find accurate
information and parameters about the target ship. And to get this information the target
ship should be acquired first. Thus, the time of target acquisition is the time when the
OOW starts to realise the risk associated with the tandieth is the Risk recognition

time.
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1 Action Time (Response) (KPI 3): the time that an action has been taken by the OOW
to avoid the risk of collision. This indicates a response time to measure the efficiency

of the OOW in the decisiemaking process.

1 Accuracy of Action (KPI 4): the result of the action taken by the OOW to avoid the
collision situation. This is measured by the distance between the ships when they pass
each other, as it provides an indicdiar the efficiency of theaction, too big or too
small action. This KIP is essential to judge the safety level of the action taken to avoid
the collision.

9 Track Deviation (KPI 5): the distance that own ship has sailed away from the original
planned track to avoid the collision. This indicates the efficiency of the action taken
to avoid the collision. This distance does not affect the safety of the navjdattdh
informs about the accuracy of the action taken by the OOW to avoid target ships that

leads to short deviation distance.
Step 4: Data Collection from the simulator experiments

In this step, the raw data are collected directly for the perfornsé&dttae experiment in this

case). The data are collected from the simulator in the playback mode at the data analysis
stage. The playback mode provides full information about the performed scenario, which has
all the required data for this process. Althbulis raw data on its own has a limited meaning

and indications, after the calculation and analysis, this data will be a very valuable and
meaningful indication about the performance of OOW. These collected measurements are used
in step 5, in the KPIs fanulas to calculate the performance metrics. The following parameters

were collected from the experiments, in the playback mode;

1 Time of Appearance 9 Actual Action Time

1 Time of Detection 1 Required CPA

9 Actual Time of Risk 1 Range

1 Time of Recognition 9 Cross Track Error XTE
1 Required Action Time 9 Actual Deviation
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Step 5: KPIs' formulas and Performance Calculation to get Metndghe interpretation of
each KPI

In this step, the design of the required formulas is completed to calculate the performance

metrics, which will be used later to compare @lassical and Automatic approachekhe

data for individual parameters from Stefh@ been used in these formulas perform the
calculation and to obtain the results of the KPIs. Therefore, each KPI has its own formula and
benchmark as followsThe interpretation of each KPI is discussed below to explain its
importance and identifying the benchmarks. This will jystife need of the KPIs with the
justification ofthe benchmarks and the valuable meaning of the results. By explaining the
benchmarks and the results, it will identify the performance of the OOW and how to capture
the deterioration in the OOW capabilityr fdecision making.

1 KPI 1: Target detection, this KPI indicates the response time of the OOW with
regards to target detection, when it appears in the vicinity, either by radar or
visually. The detection distance usually depends onfaetors:the ondition of
environmental visibility for the visual detection and Hsdection of operational
range in the radar (ARPA) by the OOWhis KPI is measured by the time
difference (in minutes) between the appearance of the target (when it can be
detected) anthe actual detection time by the OOW, in the navigational bridge.
Accordingly, if the OOW detects the target immediately (when it appears in radar
or visually), the time difference will be zero (zero is the benchmark for this KPI),
and this is the ideaksult/ the perfect performance. When the OOW is late in
detecting the target, the time difference between the time of appearance and the
time of detection will be given a negativ@ §ign; this means a late detection.
The assumption of target detectionthe Automatic Approaclis to detect the

targets when they entdre detection zonevhichis set to be within 10 NM range.

This assumption has been made based on the principle operation of the developed
Automatic Collision Avoidance System for target detection by the interrogation
and reply techniquelhus, when targets are in 10 NM distance from own ship,
the system immedialy detects them. This KPI is calculated by usthg
Formula (27) and the result is the time difference in minutes. This KPI is a safety

factor in the navigational performance.
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1 KPI 2: Risk recognition, this KPI indicates the awareness of the OOW about the
target that is being a threat to his/her ship when risk of collision exists. Risk of
collision can be evaluated either by; monitoring the CPA from the radar (if the
target i s acquired), or the changes
recognition, the TCPA is the most appropriate parameter to monitor, which is
also used in the aviatidl CAS system to evaluate the risk of collision. The TCPA
indicates the time that is remaining before the collision happens. However, there
are no rules or regulation that provide any advice about the best time when risk
should be recognised, and it isleft to the good seamanship practices to decide
in such situations. In this experiment, 10 minutes before collision has been set as
the latest moment when risk should be recognised. 10 min is considered a short
time beforethe collision, as some ships rebalong time to respond. Yet, it has
been decided to be 10 minutes to test the capabilitidte developed system to
provide efficient collision avoidance decision anshort time. Less than 10
minutes could be too dangerous, where additional timélisesjuired to provide
the avoidance decision to the OOW and then to be performed. Also, the slow
response ships (such as VLCC tankers) will not be able to perform the provided
avoidance action, as they takéong time to respond. To calculate this KiPle
time difference between the actual time of risk (10 minutes before the collision)
and the time where the OOW recognises the risk is calculated by using the
Formula (28).Zero is the benchmark for the risk recognition if the OOW
recognises the risk eat, the time difference will be in positive (+) sign. If the
OOW recognises the risk when it is less than 10 minutes to the collision, this will
be a late recognition and the time difference will be negatja&@dn. The result
is the time difference iminutes. This KPI is a safety factor in the navigational

performance.
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(Eq. 28)

1 KPI 3: Action time (response), this KPI indicates the point that the avoidance

action should be taken to avoid the collision. However, the maritime rules and
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regulations never advice about the best distance to start taking actions, and it is
all up to thegood seamanship practices by the OOW to decide when. These
decisions depend on the size of the ship, speed, under keel clearance, weather
condition and shipbs manoeuvrability.
performing is set to be when the digtario the target ship is 1 NM. This is a very
small distance before any action is taken. However, it has been selected to prove
the capability of the developed Collision Avoidance system to provide -a last
minute avoidance action to prevent a collision frbppening at the last
moment. To calculate this KPI, the time difference between the required action
time (when it is 1 NM from the target) and the actual time when the action is
taken. Zero is the ideal result, the benchmark, and if the action is taitem, e

the time difference will be positive (+). If the action is taken late, the time
difference will have a negative) Gign. Formula (29) calculatélsis KPI, and the

result is the time difference in minutes. This KPI is a safety factor in the

navigatonal performance.
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(Eq. 29)

KPI 4: Accuracy of action, this KPI indicates the effidgrof the action that is
taken by the OOW to avoid the collision. This is measured by the possibility to
avoid the collision situation without breaching the minimum allowed CPA. The
minimum CPA is set to be 0.5 or 1 NM, depending on the navigationaliarea (
every scenario and navigational situajioformula (30) calculatethis KPI by
dividing the range by the required minimum CPA. The benchmark for this KPI
is 1 (the range is equal to the minimum required CPA), if the result is bigger than
1, this meansghe range is larger than the minimum CPA (safer situation). If the
result is smaller than 1, this means the range is smaller than the required
minimum CPA (dangerous situation). The result is the ratio of the distance over
the required CPA. This KPI is sy and efficiency factor in the navigational

performance.
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(Eq. 30)

1 KPI5: Track Deviation, this is the KPI showing the efficiency of the action taken.
This indicates the distance that the ship has deviated from its original planned
track to avoid the collision. The Cre$sack Error (XTE) is the tolerance
distance aroundhe planned track, to port or starboard side. This distance is
between 0.5 to 1 NM (depending on the scenario and the navigational situation).
Formula (31) calculatate Track deviation KPI by dividing the distance that the
ship has travelled away fromaloriginal track by the XTE. If the result is 1, then
the distance travelled is the maximum allowed, which is the benchmark for this
KPI. If the result is smaller than 1 then the ship is in the allowed limit of
deviation. Otherwise, larger than 1 means ship is getting far away for the
original track. The result is the ratio of the deviation distance over the XTE. This
KPl is an efficiency factor in navigational performance.
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(Eq. 31)
Tablel7table of KPIs and benchmarks
KPI KPI's factor Unit Benchmark
Safety/efficiency
Target Safety Time Zero is the ideal performance.
detection difference in | A negative result is a delay in
minutes performance.
Risk Safety Time Zero is the ideal performance.
recognition difference in | (+) A positive result is an early
minutes performance.
(-) A negative result is a delay in
performance.
Action time | Safety Time Zerois the ideal performance.
(response) difference in | (+) A positive result is an early
minutes performance.
(-) A negative result is a delay in
performance.
Accuracy of | Safety and Ratio One is the ideal performance, the
action efficiency passing distance equal to the requi
CPA.
Bigger than one, the passing distan
is larger than the required CPA
(safe).
Less than one, the passing distancg
smaller than the required CPA
(dangerous).
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Track efficiency Ratio One is the maximum allowed travel
Deviation distance from the planndxhck.

Less than one, within the allowed
deviation distance XTE.

Bigger than one, out of the allowed
deviation XTE.

After discussing the KPIs and its calculation method, it is important to clarify the interpretation

of each KPI and its importance level.

9 First, KPI 4, the accuracy of the action. This is the most important performance
monitoring factor, which providesmeasure about the safety level of the action taken.
This is the KPI that indicates the safety of avoidance action, and if the ships are passing
in safe distance or dangerously close.

T Then, KPIs 1, 2 and 3. They are the safety performance measures Kls prdvide
an indication about the OOW performance in the navigational procedures and decision

making.

1 Finally, KPI15, the track deviation. This is an efficiency factor, it is essential to monitor

the quality of the decision makiragdthe performance dhe OOW.

In this section, the analysis method has been explained with all the definitions and required
information being mentioned. In the next section, the results of the experiments will be

displayed and discussed thoroughly.

8.4 The validation experiment

In this experiment, eight scenarios were tested to validate the developed system. After the
execution of the validation experiments in the-fuission bridge navigational simulator, the

data which has been obtained from these experiments amitifeerecordings were utilised

for direct analysis of the developed Automatic Collision Avoidance System to validate its
functionality. Accordingly, the abowaentioned method of data analysis has been applied to
carry on these validation tests. The resuit these tests are going to be explained in this
section. Additionally, the result of the performance observation from the videos will be

discussed as well.
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Two methods have been tested in this experiment. The first one is the same OOW performs
both approaches. The second, two OOWSs, each one performs one of the approaches. After this
the detailed explanation, the analysis and results are presented. The scenarios of each group

are as follows;

Group one, same OOW for both approaches (for each sceiffgiert OOW performs the

task, totalof 4 OOWSs took part in these exercises)
I Scenario 1ACX Hibiscus
1 Scenario 2CMA CGM Florida
1 Scenario 3Dutch Aquamarine
1 Scenario 4lleksa

Group two, different OOW for each approach (for each scenario each eppesaifferent
OOW takes part, in total 8 OOWSs took part in these exercises)

1 Scenario 5SHyundai Dominion
1 Scenario 6Ever Smart
1 Scenario 7Lykes Voyager

I Scenario 8Scot Isles

8.4.1 Scenario 1 ACX Hibiscug

Accident repor{MAIB, 2013)

This is a collision event that happened between the containerrsb¥pkibiscusandHyundai
Discovery in Singapore Strait eastern approach on tHefDecember 2011, at 0756. Neither
human injuries were recorded, nor was environmental pollution reported in relation to this
collision. Both ships were severely damadedias a Heagbn situation wherdCX Hibiscus

was outbound from Singapore Strait, &hdindai Discoveryvas inbounding to the strait. The
weather condition was unstable with heavy showers and thunderstorms, which has reduced the

visibility to 2 cables (0.2 NM), because of the heavy rain. The wind was scaled as 5 in Beaufort
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scale. Both vessels saw each otfer minutes and ten seconds before the collision, the
distance was 2.2 NM, this was too late to avoid the collision. From the accident report, it has
been found thadCX Hibiscusas detecteHlyundai Discoveryn the radar but did not acquire

her. Howeer, due to the bad weather and heavy rain, the target has been lost from the radar,
which was not acquired to obtain the required information. On the other Hgnddai
Discoveryhad ACX Hibiscusacquired on her radar at 0740 (16 minutes befwreollision),

then at 0744the target was lost due to the bad weather (12 minutes before the collision). After
both ships have lost targets from the radar, and no one has reacquired the targed€Xgain,
Hibiscusstarted to alter her course to the new planneasey which was toward Hyundai
Discovery. The moment they started to see each other visually, they were too close, and no
immediate action has been taken to avoid the collision. Instead, they were trying to establish
a VHF communication to agree on the iamce manoeuvre. Yet, the use of VHF
communication to agree on the collision avoidance manoeuvre is against the COLREG
regulation. Thus, with the late detection of the threatening target and the delayed decision
making process, it was not possible to dvibie collision.

The event's scenario in the simulatGtassical and Automatic Approaches

For the construction of this experiment, the scenario was built based on the information
available in the accident report from MA(BIAIB, 2013). In the accident report, it has been
mentioned that thenwasa number of vessels are sailing irethame route a&CX Hibiscus

but there was no information about these vessels to plot them in the exact positions and routes.
However, these vessels have been located in random positions to build a similar scenario for

this exercise. The illustration dfi¢ Classical Approactscenario is captured from the screen

in the control station of theimulator Figure80. The red dotted line denotes the track of the
own vesselACX Hibiscu$, she is the outbound vessel, and she is sailing to north. The black
dotted line denotes the track of the target vessel (Hyundai Discovery), she is the inbound
vessel, and she is sailing to the sewttst. The black lines are the planned original track fo
both own and target vesselShe screen capture in FiguBdl illustratesthe Automatic
Approachscenario while Table8lhas detailed actions taken by the own and target ships from
the real accident report, the best action should have been taken actmttagoint of view

of the author and the Automatic Collision Av
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Figure81 ACX Hibiscufutomatic scenario

TheClassical Approaclexperiment

In this experiment, the same OOW has performedthssical Approactand theAutomatic

Approach The OOW has been trained to utilise the new Automatic Collision Avoidance

system.

In the Classical Approachthe OOW was aware about the target ship from an early stage.

Additionally, his ship was the giwway vessel, and he was required to take the avoidance
action. Therefore, he decided to take an early course alteration, immediatelyegitessied

the surrounded ships. His avoidance decision was correct. However, the instructor (the author)
changed the course of the target ship, toward the own ship, to increase the risk of collision.
Yet, the distance was large enough, and no accidentmeggdowever, the range, the passing
distancebetween the own and target ship was very small, 0.3 NM, which indicates a potential
risk of collision. The below screen captures show the progress of the scenario until they passed
clear of each other. FiguB2 shows the OOW decision to start the course alteration early to
pass ahead of the target ship, where the planned track is on the starboard (right) side of the

own ship. Figur&3shows own ship just passing the target ship on her starboard quarter, which
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shows the small passing distance between the two ships. Figuaieo®s the target ship

passing safely from the stern of the own ship.

1
Figure82 ACX Hibiscu€lassical scenario

Targetship

Figure83 ACX Hibiscu€lassical scenario

Figure84 ACX Hibiscu€lassical scenario
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TheAutomatic Approackexperiment

In the Automatic Approachthere were two targets that needed to be avoided, the Automatic

Collision Avoidance System has alerted the OOW about them and provided the avoidance
manoeuvres separatelywasll (Figure &). The OOW was trained about the utilisation of the

new system, @t, it was a new experience for him. In the first avoidance manoeuvre to avoid
the first target Figure@® the OOWwas not very confident and showed some hesitation about
the systembs capability to provide tamse avoi
instruction and performed the avoidance decision, which avoided the close passing situation
safely and precisely within the required CPA. This has risen his confidence level and removed
the hesitation of the OOW about the efficiency of the systeprdeide accurate avoidance
manoeuvres. In the second collision situation with the second target ship, the OOW has been
familiar and confident with the new system and he was waiting for the system decision, once
the system has provided an avoidance maneeule OOW responddchmediately Figure

85. The avoidance manoeuvre was safe and took the own ship clear from the target ship and
within the required CPA. The Automatic System's decision was to pass astern of the target
ship Figure &, which resulted in da and clear avoidance action wittiive required passing
distance (CPA). During the experiment, it has been observed that the OOW has developed
trust towards the developed system, after the first successful manoeuvre to avoid the first
target. This has lesm obvious with his monitored behaviour, for the collision situation, where

he was giving his full attention to the system and responded quickly in the second manoeuvre.
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Tablel18the ACX Hibiscus Actions table; real scenario action, best action and Automatic system action

Discovery) has been
detected by the Auto

Time of ACX Hibiscusactions Hyundai Discovery Comments Best actions by Bestactions by The developed Auto Collision avoidance
Actions (East bound from actions ACX Hibiscus Hyundai Discovery | system actions in the | system response
Singapore) (West bound to experiment
Singapore)
0700 Heading 049° Heading 203°
Speed 14.5 kots Speed 20 kots
0720 Out of the Singapore Strait
TSS
0721 Speededuced to 18 kts
(To arrive on time).
Entered rain, restricted
visibility.
0730 Entered rain, restricted Human error, the The system could
visibility. target was not detecte have detected
Some targets were acquired Hyundai Discovery
but not Hyundai Discovery. and alert the OOW on
the ACX Hibiscus
sharing nformation
0733:40 Target (Hyundai
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Time of ACX Hibiscusactions Hyundai Discovery Comments Best actions by Bestactions by The developed Auto Collision avoidance
Actions (East bound from actions ACX Hibiscus Hyundai Discovery | system actions in the | system response
Singapore) (West bound to experiment
Singapore)
system on the detectior]
zone (10 NM).
0734:36 The Auto system has
recognised the risk of
collision with Hyundai
Discovery(10 minutes
before the collision).
0740 ACX Hibiscusvas
acquired with other out
bound vessels
0744 Course altered to a new | Target lost because of Datalink feature to
heading of 209° by auto | heavy rain (clutter) ensure continues
pilot control. target detection and
ACXHibiscuswas lost monitoring
from radar sight.
0745 The rainfall led to the loss o High sea and heavy Datalink feature 6

targets because of clutter

rain cause sea and rai
clutter in Radar, this

leads to unclear

ensure continues
target detection and

monitoring
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Time of

ACX Hibiscusactions

Hyundai Discovery

Comments

Best actions by

Bestactions by

The developed Auto

Collision avoidance

Actions (East bound from actions ACX Hibiscus Hyundai Discovery | system actions in the | system response
Singapore) (West bound to experiment
Singapore)
picture and targets
loss.
When targets are lost,
they need to be
reacquired manually.
0747 Rada showedCX This is a hea@n The Auto system has
Hibiscuson 5 NM, clear situation, both ships alerted the OOW about
but close pass peto-port. | should alter course to the risk of collision and
Change heading to 216° | starboard said to keep provided the best
for altering to the new clear and pass petb- avoidance decision. Th
course (229°) and to port. decision was to change
increase passing distance the course to 035°. The|
ships passed safely aft¢
taking this action by the
OOW onACX Hibiscus
(own ship).
0748:30 Turned to 229°. Starboard alteration tq Sharing nformation

The new chart planned

course.

the new course and to|
increase the

separation.

to enhance situationa
awareness
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Time of

ACX Hibiscusactions

Hyundai Discovery

Comments

Best actions by

Bestactions by

The developed Auto

Collision avoidance

Actions (East bound from actions ACX Hibiscus Hyundai Discovery | system actions in the | system response

Singapore) (West bound to experiment
Singapore)

0750 No sound signals for Steady at 229ACX Sound signals are
restricted visibility. Hibiscus15° on port side | required by COLREG

and range of 3.5 nm. in restricted visibility.
CPA 0.7 nm.

No sound signals for

restricted visibility.

0751:30 | Started to alter course the ACX Hibiscusvas not | Should have The system will alert
port side to the next planneg aware ofHyundai checked the targets the OOW about the
course of 350°. Discoveryon her port | on the new route Hyundai Discovery,
Radar targets were not clea quarter because of alteration. which is in a collision
because of clutter. restricted visibility and| Should have waited course.

targets loss in radar | to be clear of west Share information
display bound vessels feature will inform
before started the Hyundai Discovery
alteration. immediately about
ACX Hibiscus
alteration.

0752 2.2 nm distance between This ship was not | As ACX Hibiscus The system will alert

(Collision ships. aware about failed to keep clear, Hyundai Discovery

situation ACX Hibiscugadar trail Hyundai Discovery.| Hyundai Discovery about the situation

detected, changed direction towardg This why it started | should have taken andadvicethe OOW
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Time of ACX Hibiscusactions Hyundai Discovery Comments Best actions by Bestactions by The developed Auto Collision avoidance
Actions (East bound from actions ACX Hibiscus Hyundai Discovery | system actions in the | system response
Singapore) (West bound to experiment
Singapore)
4:10 Hyundai Discovery, cross to alter heading to | the best action to with; Time remaining
minutes checked with AIS and the new planned avoid the collision. to collision, time of
before confirmedACX Hibiscus course. lastminuteactions to
collision) course alteration tthe This was a headn avoid collision and
port side. situation and both the best action to
ships should have avoid collision.
altered courses to Information $iaringto
starboard to pass enhance situational
portto-port. awareness.
0753:15 CalledACX Hibiscuson Hyundai Discovery Start altering course Decisions karing and

VHF channel 16ACX
Hibiscusdid reply

masteroés s
i Th
should never rely on
using VHF or AIS
equipment as a methg

order ,

of avoiding a

collisionbo

to thestarboard
side. This is the bes
action to avoid this
collision, as it takes
the ship away from
any conflict
situations with other
ships, does not
interface withany
actions byACX
Hibiscusand

acknowledgement to
enhance situational
awareness by alerting
the other ship about
the avoiding decision
and to ensure other
shipds
acknowledgement

about the situation.
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Time of

ACX Hibiscusactions

Hyundai Discovery

Comments

Best actions by

Bestactions by

The developed Auto

Collision avoidance

Actions (East bound from actions ACX Hibiscus Hyundai Discovery | system actions in the | system response
Singapore) (West bound to experiment
Singapore)
comply with
COLREG.

0753:30 CalledACX Hibiscusn

VHF channel 16.

Startedcommunication

and change channel to 06|
0754 VHF communication. Unclear response fron Should have used This is thelastMinute
(2:10 Unclear conversation with| the ACX Hibiscus the time of action, if no action is
minutes no agreement on stopping OOW, he just communicatio to taken by the OOW,
before port alteration 0ACX mentioned his ship is decide the best the system will
collision) Hibiscusto avoid bow altering tothenorth action to avoid the automatically stop the
Last crossing. (port side) collision. engine or take the be
minute to action to avoid the
take collision.
effective
avoiding
action
0754:34 | Still altering course to port ACX Hibiscusstill not If hard to starboard The system will alert

passing heading of 017°

aware of the collision
situation, even after
the VHF call.

helm has been
ordered 2:40
minutes before the

the OOW about the

collision situation and

provides the best
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Time of ACX Hibiscusactions Hyundai Discovery Comments Best actions by Bestactions by The developed Auto Collision avoidance
Actions (East bound from actions ACX Hibiscus Hyundai Discovery | system actions in the | system response
Singapore) (West bound to experiment
Singapore)
Also, no agreement collision it would action to avoid it
reached by VHF calls give 0.4 nm bw (Last Minute action).
yet. crossing distance If the OOW did not
(BCR) take any action to
prevent the collision,
the system will
override the OOW
andautomatically
stop the engine or
implement the action
to avoid the collision.
0755 No reply for VHF calls and | Keep askindACX Hibiscus
continues on course to alter course to starboar
alteration tathe port side. to avoidthecollision.
0755:13 Change to manual steerin If hard to starboard
(One and sounded one long bla helm has been
minute on shipés wh ordered 2:10
beforethe minutes before the
collision) collision it would

give 0.2 nm bow
crossing distance
(BCR)
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Time of ACX Hibiscusactions Hyundai Discovery Comments Best actions by Bestactions by The developed Auto Collision avoidance
Actions (East bound from actions ACX Hibiscus Hyundai Discovery | system actions in the | system response
Singapore) (West bound to experiment
Singapore)
0755:35 Master orthebridge and
being reported about the
situation
0755:50 | Change to manual steering | Estimated range of 0.2 nn 20 seconds was not
and turnthewheel hard to andACX Hibiscusecame enough time to take
port. visible. any avoiding action
Set engine telegraph &m Helm ordered hard to
emergency stop. starboard.
0756:10 | Bow collided with Hyundai | Heading of 229°
(Collision | Di scoveryo6s f Speed 18 kats
time) Heading 321° The udder was turned
Speed 14.1 kots hard to port to separate th
sterns of both ships.
0800 Reduced speed to 16dB

(manoeuvring speed) and
continued on the passage
to Singapor e

anchorage.
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Time of ACX Hibiscusactions Hyundai Discovery Comments Best actions by Bestactions by The developed Auto Collision avoidance
Actions (East bound from actions ACX Hibiscus Hyundai Discovery | system actions in the | system response
Singapore) (West bound to experiment
Singapore)
0830 Report the collision to
Malaysian Coastguard.
Started to turn heading wes
at slow speed.
0920 Ensure stable condition and

continued the passage to
Singaporefs (¢

at slow speed.

General comments:

1

The Chief Officer in ACX Hibiscus has altered course to the port siftéléav the passage plan without proper lookout (visually or by radar) to ensure that there were no targets in
course.

The Chief Officer on ACX Hibiscus was fatigued and the master of the ship did not consider his ability to perform his duty.

The lookout parson has warned the Chief Officer about a missing target in the radar due to the sea clutter, but the Chiieff iffikisted.

The ships were sailing in restricted visibility without complywith the COLREG rule 19, restricted visibility, speed was not reduced by both vessels, no proper lookout for restric
visibility wasconducted and no sound signalsused.

The Chief Offier on Hyundai Discovery has realised the dangercoflision and he decided to conduct a VHF communication with ACX Hibiscus rather than take an immediate

avoidance action, where he had a little time that was sufficient to avoid the collision if hedexsjromediately.
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OOW6s opinion about the developed Automat.

After the experiment, the OOW was asked about his opinion about the system. He found it a
very useful system, which provides accuratdasaty instructions. Also, he commented on the
time of instructions provided by the Automatic system to avoid targets in good time that makes
it easy to avoid the collision and return to the planned track. This has given avoidance actions
to fulfil the navgational requirements without the need for diverting for a long distance from
the original track. Also, the system's decision support removes the uncertainty of the collision
avoidance manoeuvre, wherein the classic collision avoidance procedure thes@M&lyis
worried about his avoidance action whether it is enough to pass clear from the target ship or

more actions are needed.

The ACX Hibiscus experiment KPIs

The tables below show the collected data fthensimulator, which are used to calculate the
KPIs for thisscenario TablesQland20. Additionally, the graph below, Figure8presents
the KPI results of thACX Hibiscusscenario for the&€lassic and Automatic approachdor

the Classical Approachthe results show that there is a slight delay in the time of target

detection. On the other hand, risk recognition and action time were observed early. Yet, the
avoidance action that has been taken resulted in a small passing distance (0.3 NM, due to the
target's course change), which is far smaller than the required CPA of 1 NM. For the track

deviation, the vessel has not passed the allowed deviation distance from the original track.

In the Automatic approachthe results represented in the chart shmat the timing and the

actions were in accordaneagth the ideal performance. This includes a just above the required
passing range from the target ship, which is safe to proceed. Also, the deviation from the

original track is still in the acceptable level
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Table19 ACX Hibiscus Classical approach data

Classical ApproachACX Hibiscus

Measures Data Unit

Time of appearance  07:20:00 Time
Time of detection 07:21:20 Time
Actual time of risk 07:43:14 Time

time of recognition 07:38:00 Time
required action time  07:49:36 Time
actual action time 07:45:24 Time
required CPA 1 NM
Range 0.3 NM
XTE 1 NM
Actual Deviation 0.7 NM

Table20 ACX Hibiscus Automatic approach data
Automatic ApproachACX Hibiscus

Measures Data Unit

Time of appearance  07:33:40 Time
Time of detection 07:33:40 Time
Actual time of risk 07:34:36 Time
time of recognition 07:34:36 Time
required action time  07:47:20 Time
actual action time 07:47:20 Time
required CPA 1 NM
Range 1.056 NM
XTE 1 NM
Actual Deviation 0.7 NM
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Figure 88 ACX Hibiscus's KPI results for Classical and Automaticapproaches This figure shows the KPIs
result; the unit for KPIs 1, 2 and 3 are time by minutes. The negative results indicate a delay in the action and a
positive result indicate an early action. KPIs 4 and 5 are measured by the ratio and 1 is therkenchma

8.4.2 Scenario 2, (CMA CGM Florida)

Accidentreport (MAIB, 2014)

This is a collision event that occurred in the East China Sea, betweatineo vesseCMA

CGM Florida and the bulk carrie€hou ShanThis accident happened on thé"1§ March

2013, at 0033 and caused severe damage for both ships and the environment, with over 600
tonnes of heavy fuel oil spilt in the sea. No human injusiese recorded in relation to this
collision event. Weather and visibility were good at the time of the collision, wind force 4 in
the Beaufort scale and 4 NM visibility.

On theCMA CGM Florida the second officer (Filipino officer) was the OOW and he tha
responsible officer. Also, a new extra officer was on the watch for bridge familiarisation
(Chinese officer). The OOW (Filipino officer) altered course to starboard to avoid fishing
boats and a heash vessel. This alteration resulted in a collissimation withChou Shan
which was crossing from the port side, crossing situation an@hba Shans the giveway
vessel. As the situation developed, thleou SharOOW started a VHF communication to
requestedCMA CGM Floridato pass his stern. This wagainst the COLREG rules as the

CMA CGM Floridais the stanén vessel, and she should maintain her course and speed, and
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Chou Shatris the giveway vessel, and she should take the avoidance action. Additionally, the
OOW onChou Sharhas used the VHF commigation for manoeuvring agreement, which is
again prohibited by the COLREG regulation in case of collision. On top of this the
communication language, where the extra officer (Chinese offic@@M CGM Floridawas
communicating withChou Sharin the Mardarin language, and he agreed on the avoidance
manoeuvre by the starah vesseCMA CGM Florida The OOW inCMA CGM Floridadid

not understand the conversation in Mandarin language and the extra officer did not translate it
correctly. Also, he did not infm the OOW about the agreementGdlA CGM Floridataking

the avoidance manoeuvre and p@eou Shais st er n. This left the (
with a lack of situational awareness and actions that all resulted in heading to the collision
point.

The event's scenario in the simulatBtassical and Automatic Approaches

In order to reconstruct this event, the original location, the East China Sea, waaitaiile

in the simulator database. However, an alternative location was selected, an open sea area.
Thus, the scenario has been reconstructed with the same events, directions and details from
the original accident repafAIB, 2014). The picturébelow (Figure 8) isa capture from the

simul at or 6 s ¢ oQldassical bppredh scénario.in thie picturet theeed dotted

line is the own shipbés track, and the target
ship from the port sidélable 2 has detailed actions taken by the own and target ships from
the real accident repp and the best action should have been taken according to the point of
view of the author and the Automatic Coll i si

event.
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Target ship
and target

Own ship and
own ship

~ Own ship track

Figure89 CMA CGM Florid&Classical scenario

The Automatic approacls cenar i o i s il lustrated in the b

control station (Figure90). In this Automatic scenariothe Automatic Collision Avoidance

System has been activated three times to avoid three different targets. Hence, the main target,
which own ship has collided within the accident report, is the target approaching from the
north, will be labelled as the main target in the picture.

Main target ship/v \

and its track \

Own ship and its
planned track |

Third

avoidance

Second
avoidance

Figure90 CMA CGM FloridgAutomatic scenario
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TheClassical Approaclexperiment

In this experiment, the same OOW has performedcthssical and Automatic Approaches

In the event, the OOW has taken an early action to avoid the collision with the main target
ship (Figure9l). Also, he reduced the speed of his ship. However, he is theatanessel,

and the main target ship should have taken the avoidance actithe iain target ship is not
taking any avoidance acti on, then the OOWGb6s
The OOW was aware and anxious about the other ship that approaching him asrastgépd
(Figure91). Accordingly, he reduced speed mhatically and unnecessarily. Figur2 €hows

the action of the OOW when he realised that the main target ship is becoming clear and he
started to change course toward the original planned track. At the time when the own ship has
reached the planned trackge OOW started to increase the speed and continue on his planned
track (Figured3). All these events have led to a large passing range from the main target ship
(Figures 2 and ).

Main target ship

The ship approaching
“"as headon

Figure91 CMA CGM Florid&Classical scenario
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Main target shi

:

S

Own ship

Figure92 CMA CGM Florid&Classical scenario

N

Ownship

Mai

N target ship—

Figure93 CMA CGM Florid&Classical scenario

TheAutomatic Approackexperiment

In the Automatic Approachthe OOW has been trained to utilise the Automatic Collision

Avoidance System. In this scenario, there were three targets, which have a CPA that is smaller
than the required CPA, 1 NM. In this case, the Automatic Avoidance System has provided
decisions toavoid every collision situation separately. In the following figures, the

performance of thAutomatic scenari@s illustrated. Here, no speed reduction was needed or

instructed by the Automatic system to avoid any of the targets. Also, the passingedissan

just above the required CPA. Figuri8 the illustration of the first action to avoid the fishing
boats, then the ship was going back to the planned track. Fi§isdie action to avoid the

main target ship, which was through a course alteration only and no speed reduction was
suggested by the Automatic system. Also, Figlret®bws that there was no conflict with the
headon ship. Figure ®shows where the own ghpassed the main target safe and clear within

the required CPA, and clear from the hesdapproaching ship. After passing the main target
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safely, and when the OOW was sailing back to the planned track, the Automatic system
detected the risk of collisionith the third target and provided the best avoidance manoeuvre

to avoid this collision Figure®

First avoidance \
manoeuvre

First targets,
j boats

= TGe
S )

bo:z:e0

%wr ship, first avoidance|manoeuvre

Figure94 CMA CGM FloriddAutomatic scenario

. Second avoidance
< Main target,
* Second avoidance

a5

Own ship Second avoidance

LT

L.-e-cTBA21S

Y B T

Figure95 CMA CGM FloriddAutomatic scenario
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©

Figure96 CMA CGM FloridéAutomatic scenario

Third

avoidance

Rk

- D5

-N:r‘hird

Target ship

avoidance

Figure97 CMA CGM FloridéAutomatic scenario
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Table21 The CMA CGM Florida's actions; real event actions, best action and the Automatic system decision

Also, Monte Pascoal was detecte
on 17.5 NM on the starboard sidg
on a head on situation. And Hong
Yun No 1 was ahead dhe
starboard side and it was an
overtaking situation on BIM.

Chou Sharwas ahead on the port]
side in crossing situation on
14NM.

TCPAto assess the risk
of collision. This table
sort targets based on the
CPA. However, the
fishing boats have a CPA
of 0.1 NM and they were
on the top of the list.

better risk assessment an
avoidance actions.

Time of CMA CGM Florida actions Chou Shanactions Comments Best action byCMA Best actions by The developed Collision avoidance
Actions CGM Florida Chou Shan Auto system system response
actions in the
experiment
2340 3" off handed over to the Filipino The shipobs
2" officer, also the AB has been language is English, and
(18/03/20 changed for the new watch. in the presencef foreign
13) officers, English should
A Chinese trainee"officer soon be the only language to
later arrived in the bridge; his role be used. The Chinese
was to get familiar with the officer is a trainee officer
bridge. and he should not
The Chinese officer did not |nte.rfer(.a in the -
understand the hand over teeimel e,
instruction as it was in the Filipin
language.
0000 2" officer detected a number of | 3 officer handed over | The Filipino 249 officer Should have used ARPA
fishing vessels otheport bow to the 29 officer, and was using the table of properly to see all related
(19/03/20 | gige on 6 NM. the AB has been AIS targets on ARPA, he| information of targets.
13) changed as well. was using the CPA and | This wouldallow for
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Time of CMA CGM Florida actions Chou Shanactions Comments Best action byCMA Best actions by The developed Collision avoidance
Actions CGM Florida Chou Shan Auto system system response
actions in the
experiment
0002 6° to the starboard side to 065° t Chou Sharwas out of the| This was a complicated The system would
avoid the fishing boats. Also range of the Radar and | situation where it was; analyse all the
reduced the radar range to 6 Mile could not be seen by fishing boat avoidance, situations ad advises
Florida. overtaking headon and one avoidance action
stand on for the crossing to avoid all the
situation. However, the targets, which could
Filipino officer should be a large starboard
have properly assessed f alteration to avoid all
situation and take better of them.
action not to put himin a
conflict situation with
other ships. A large
alteration to starboard sid
could have avoided all the
targets, however, the®
officer avoided such
alteration not to divert far
away from the original
track.
0007 Another 5° to starboard. This way Manually acquired The action of multiple Should have taken one The system would

followed by another three times 5
degrees alteration to starboard si
to be clear of theishing boats.

The Monte Pascoal moved to the
port side of Florida.

2nd officer asked the Chines@®2
officer to call fishing boats in
Mandarin language and tell them

Florida and got its AIS
data. Its CPA was less
than 0.5 NM ahead of
Chou Shan

small alterations is
prohibited by COLREG
as it cannot be realised
easily by other targets.
Also, this was the result
of poor assessmenf the
situation and the Filipino
officer was assessing the
situation as he alters the
course.

significant action to avoid
all targets.

advise the OOW for
the best action to
avoid all the targets.
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Time of
Actions

CMA CGM Florida actions

Chou Shanactions

Comments

Best action byCMA
CGM Florida

Best actions by
Chou Shan

The developed
Auto system
actions in the
experiment

Collision avoidance
system response

to be clear, fishing boats did not
reply.

0008:24

Chou Sharhas been
detected by the
Auto system on the
detection zone
(10NM).

0019

Called Florida by VHF,
the Chinese 2 officer
answered and was
talking in Mandarin.
The Chinese officer
poorly translated the
conversation and agree
to pass astern @hou
Shan and he asked the
Filipino officer to pass
their stern.

All VHF calls werein

Mandarin language and
then transleed to English
for the Filipino 29 officer

Should not ask for g
contrary avoidance
action to what
COLREG advises ir
this situation.
Instead of asking
for Florida to pass
her sternChou
Shanshould have
taken the avoidance
action, which is to
alter couse to
starboard and pass
port-to-port whit
Florida

The system would
alert bot ships about
the wrong decisions
and advised about the
best action to be take
by both ships.
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Time of
Actions

CMA CGM Florida actions

Chou Shanactions

Comments

Best action byCMA
CGM Florida

Best actions by
Chou Shan

The developed
Auto system
actions in the
experiment

Collision avoidance
system response

0021

Passed fishing boats and alter 5¢
port (075°)

Was monitoring and
expectd the port
alteration.

Chou Sharwrongly

interpreted

alteration as an initial
alteration to pass her
stern.

Should have assessed th

situation and not to
impede other ships
movementslike, Chou

Shan Also, the Filipino
officer was acting as a

standon vessel and
expectedChou Shario
pass his stern.

Chou Shamwas
recognised to be in
a collision course
with CMA CGM
Florida at 10
minutes before the
collision.

The system would
calculate and advised
about the best action
to avoid the collision.
This includes the best
time to take the
actions (Last Minute
Action).

0026

Another 5° to port and mentioneg
the small ®A with Chou Shan

the Chinese officer asked if he is
passing its stern. Here the Filipin
officer said he is expectinghou

Shanto pass porto-port and from
Fl oridads stern

Altered course from
165° to 160° then to
155° to support Florida
passing his stern.

Teamwork deficiencies,

and wrong decisions.

Should have taken an
avoidance action, becaus
also stand on vessels in
case of not enough action
by the giveway vessel
still need to take the best

action not to collide.

Should have
avoided the
collision by taking
better and safe
avoidance action
(alterstarboard side
and pass poito-
port with Florida)

The Auto system
has alerted the
OOW about the
collision situation
and provided the
best action to avoid
the collision. This is
to alter course to
101° to avoid the
collision. After
performing this
actionCMA CGM
Florida passed
safely fromChou
Shan

Would warn and

advised both ships
about the best actiong
and times to avoid the
collision.

0027

Another 5° to port (065°). Shortly,
after the alteratiorthe Filipino
officer said, as Hong Yun No1l is
ahead,henChou Shamust pass
port-to-port. The Chinese officer

calledChou Sharand asked them

As they accepted the
portto-port passing
they asked Florida to
alter course tstarboard
as well. Shortly after the

VHF call the 29 officer

The system would
ensure better
situational awareness|
for both ships and tha
would prevent the
situation from getting
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Time of

CMA CGM Florida actions

Chou Shanactions

Comments

Best action byCMA

Best actions by

The developed

Collision avoidance

Actions CGM Florida Chou Shan Auto system system response
actions in the
experiment
to pass porto-port. Chou Shan asked for hand steering too complicated by
was 2 NM away and CPA was 0.] and ordered 20° to advised and warn
NM. Chou Shamefused this, but | starboard about the dangerous
the Chinese officer insisand said situation in advance.
this is the master request, so the
accepted. The Chinese officer
translated to the Filipino officer
that they agreed to pass part
port, without telling him to alter
his course, as he agreed wthou
Shan
0030 Still concerning abouthou Shan | Was turning to Good teamwork as the The system would

alteration and asketie AB to
alter 10° to starboard using
autopilot. The Chinese officer stil
asking the Filipino officer if he is
passingChouShaé s st er
Filipino officer said he is
expecting them to pass astern an
he is only altering to starboard to
support themAlso, the Filipino
officer was using the flashing ligh
towardChou ShanThe Chinese
officer still suggesting Florida to
pass astern athou Shan

starboard, then asked
the AB to sail heading
to Florida. The AB put
mid-ship to adjust ta
heading, and he asked
the OOW to go hard to
starboard. The"®
officer agreed to this
and the AB turned on
0031

AB gquestioned the OOW
order and suggested a
better order.

Very bad teamwork on
Florida and the Filipino
officer shoutl not engage
the Chinese officer in the
navigational duties as he
is still in the
familiarisation period.
Also, they all should be
using the English
language to avoid
mistranslating and
misunderstanding.

help in enhancing
situational awareness
in an earlier stage.
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Time of CMA CGM Florida actions Chou Shanactions Comments Best action byCMA Best actions by The developed Collision avoidance
Actions CGM Florida Chou Shan Auto system system response
actions in the
experiment
0031 Ordered hand steering and order| Master was not called
hard to port, shortly he ordered | before the collision.
steady then hard to starboard. Ag
they both were getting closer, the
Filipino officer was flashing to
Chou Shanand called the master,
to come to bridge about 18
seconds before the collision, the
master was reported about the
very close vessel.
0033 Being collided from the port side | Collided with Florida
by Chou Shan by thebow.
(Collision
time)
Extensive damagen theport side | Serious damage on the
and oil pollution happened. bow area.
General comments about Floridads actions:

1 Bad teamworkwhich leads to decisions being made by the trainee officer without communicating it with the OOW.

1  The first action by the OOW to avoid the fishing boats leads to more complications in further stages.

1  The reluctant to deviate from the original track fooad distance.
1 Being engaged in multiple collision situations has confused the OOW about the beat action to avoid both of them.

General comments aboGhou Sharactions:

1 Using VHF to negotiate collision avoidance procedures.
I  Taking actions against COLREG protocols.
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OOW6s opinion about the developed Automat.

The main benefit that was highlighted by the OOW when the Automatic Collision Avoidance
system was utilised is the removal of the uncertainty of the decisions that are always associated
with the classical procedures for collision avoidance. Additiondily hielp of the Automatic
system to prevent further conflict situation with other targets was also mentioned by the OOW.
He also mentioned that he had to reduce speed i€lHssical scenariqust to ensure the

safety of his ship. Where in thfautomatic aproach the system provides accurate decisions

that allowed his ship to pass clear of all targets without reducing the speed.
CMA CGM Florida experiment KPIs

The tables of the collected data, which have been used to calculate the KPIs results are
providedin Tables 2 and B. Moreover Figure 8 below shows the KPIs result for both the

Classical and théutomatic scenariosThe chart shows that there is a fluctuation in the

Cl as s i c alresudt.d-iesh astightadlay in the detection time, thisies i the fact that

the OOW was focusing on the first avoidance manoeuvre. Since the OOW passed the first
target clear he detected the main target (second target) and immediately decided to take the
avoidance action, which was a very early action. Thily @eation has resulted in a very large
passing distance with a hard course alteration and speed reduction. In the last KPI, the track
deviation, the ship was away from the original planned track to avoid the first targets. Thus,
the OOWOGs av aiab@owardethe ghlanodd sraclg and this shows a very small
deviation from the planned track. Still, the OOW's decision was not correct as he unnecessarily

reduced the speed and passed far away from the target ship.

In the Automatic scenaricthe resultsisow that the times in the first three KPIs were ideally

matched with the benchmark, no delay or early ineffective actions. Then, in the passing
distance, the Automatic Avoidance System provided a decision that allowed the ship to pass
slightly above the mguired CPA. Still, the own ship was the staordvessel, and she should

not take any action. Nevertheless, when the-gisg (target) vessel did not take any avoidance
manoeuvre, the Automatic Collision Avoidance system alerted the OOW about the situation
and provided the necessary action to avoid the collision. Finally, track deviation distance was

within the allowed limits.
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